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ABSTRACT OF THE DISSERTATION 
 
Chiral Molecular Spintronics: Electron Dichroism in Biomolecular Assemblies 
 
by 
 
John Michael Abendroth 
Doctor of Philosophy in Chemistry 
University of California, Los Angeles, 2018 
Professor Paul S. Weiss, Chair 
 
Recent observations of spin-dependent and enantioselective interactions between electrons 
and chiral biomolecules (e.g., DNA, -helical peptides, and proteins) at room temperature 
have inspired studies to elucidate the roles of spin and chirality in biology and in charge 
transfer at metal-molecule interfaces. Electrons of a certain spin orientation are transmitted 
through chiral molecules more easily in one direction vs the other, a phenomenon described 
as the chiral-induced spin selectivity effect. 
However, identifying the preferred spin-velocity relationship for electrons confined 
to move along helical potentials has proven to be difficult, with conflicting experimental 
results regarding preferred polarization orientation. Thus, to elucidate the preferred spin 
polarization direction in DNA-mediated charge transport, I applied our group’s expertise in 
molecular self-assembly, large-scale molecular patterning, and data processing and analysis 
from information-rich images, to investigate the effect via fluorescence microscopy.  
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Fluorescent perylenediimide derivatives were precisely incorporated within 
hydrophobic pockets in double-stranded DNA helices. The DNA/dye complexes were 
subsequently patterned on ferromagnetic substrates that could be magnetized parallel or 
antiparallel to the nominally vertically aligned DNA strands. There are two relaxation 
pathways following photoexcitation. The dye molecules either fluoresce, or when well-
coupled to the DNA, display competitive quenching due to charge transfer to the underlying 
ferromagnetic surface. Because charge injection into ferromagnetic materials is spin 
dependent, a dependence of the fluorescence intensity on substrate magnetization direction 
is indicative of spin filtering; lower fluorescence intensities in this system correspond to 
higher degrees of charge quenching and transfer from the dye to the substrate. My results 
suggest that electron helicity, or spin projection along the helical axis of DNA, is 
preferentially aligned parallel to its velocity direction within this charge transport regime. 
Yet, while I and others have demonstrated that chiral molecules can polarize 
transmitted electrons, unifying mechanisms that account for the magnitude of spin 
polarization, and that can predict the strength of the relativistic effects due to helix-induced 
spin-orbit coupling, remain elusive. Development of accurate models has been impeded, in 
part, by the lack of quantitative, experimental analyses on the relative energy barriers to 
spin-dependent scattering of electrons within chiral electrostatic fields with precise 
orientation control. 
To tackle this challenge, I developed experiments to test spin selectivity in a second 
charge transport regime: photoelectron transmission through adsorbed chiral molecule 
assemblies. Ultraviolet photoelectron spectroscopy was used to measure the ionization 
energy and work function of these systems, and therefore the spin-selective energy barriers 
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to photoemission from chiral molecule films. I hypothesize that photoelectrons emitted by 
ionization of chiral molecular films using unpolarized ultraviolet radiation leave behind 
spin-polarized holes. Underlying ferromagnetic substrates provide a source of replenishing 
spin-polarized electrons, thus, effective ionization energies depend on substrate 
magnetization orientation. I measured significant differences in the ionization energies and 
work function values of ferromagnetic substrates coated with chiral films of ca. 100 and 
80 meV, respectively, that depended on substrate magnetization orientation, relative 
saturation of the substrate magnetization, and molecular handedness.  
Having shown that the chiral-induced spin selectivity effect is subtle in the context of 
charge-transport through self-assembled monolayers of chiral molecules, I internalized the 
necessity of repeated measurements, unbiased statistical analysis of large data sets, and 
careful design of control experiments. Continuing these practices, my measurements have 
enabled the unprecedented determination of the relative spin-dependent energy barriers to 
transmission through chiral molecules, which will be critical in the development and 
evolution of theoretical models necessary for foundational understanding of this 
phenomenon. 
Moving forward, elucidating the mechanistic contributions to spin filtering from the 
adsorbed chiral species, underlying ferromagnetic materials, and metal-molecule interfaces 
will enable us to critically assess the practicality of chiral organic materials for spintronics 
applications. Devices that utilize stable organic layers may facilitate the design, development, 
and implementation of next-generation electronic device architectures that exploit spin 
injection and detection at metal/semiconductor, chiral-molecule interfaces for information 
storage, memory technology, sensors, optics, and energy-efficient electronics.  
The dissertation of John Michael Abendroth is approved. 
James K. Gimzewski 
Jacob J. Schmidt 
Paul S. Weiss, Committee Chair 
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Chapter I 
The Chiral-Induced Spin Selectivity Effect 
 
 
 
 
 
The information in this chapter is adapted from work in preparation 
for submission for publication, and is reproduced here. 
 
Authors: Prakash C. Mondal, John M. Abendroth, Dominik M. Stemer, 
Partha Roy, Paul S. Weiss, and Ron Naaman 
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I.A. Discovering Enantioselective Chemical and Physical Properties of Chiral Systems 
Chirality is ubiquitous in Nature, from the handedness of elementary particles and 
arrangements of atoms in molecules and crystals, to the macroscale. Chiral molecules are 
non-superimposable mirror images of one another with otherwise identical compositions 
(Figure I.1), yet the spatial dissymmetry gives rise to a myriad of fascinating physical and 
chemical properties that are unique to specific enantiomers.  
From the beginning of the 19th century, early studies of light-matter interactions led 
to Pasteur’s discover of molecular handedness via observation of the optical activity of 
natural tartaric acid.1,2 The prevalence of molecules in biology that lack structural inversion 
symmetry was brought to light by Pasteur’s subsequent discovery of enantioselectivity in 
1857 by observing different rates of metabolism of tartaric acid enantiomers by 
microorganisms.3-5 This finding was followed by Piutti’s observation of stereoselectivity of 
biological receptors in 1886, that arose from perceiving that D-asparagine tastes sweet while 
L-asparagine is tasteless.6,7 The first use of the term chiral, however, has been attributed to 
Kelvin who used it in 1893 to describe a material’s lack of parity symmetry.8 
While the dissymmetric optical properties of chiral molecules and the nature of 
enantioselective intermolecular interactions between chiral species are comparatively well 
understood,8-10 explanations for varying electronic and magnetic properties of molecules 
and assemblies attributed to broken inversion symmetry remain elusive. Despite a history 
of contradictory investigations into spin-dependent electron – chiral molecule interactions 
that began ca. 1960,11 Mayer and Kessler confirmed in 1995 that randomly oriented chiral 
species in the gas phase display asymmetric scattering of spin-polarized electrons, validating 
theoretical predictions.12 However, such asymmetry could only be observed when the 
 3 
molecules were engineered to incorporate heavy atoms with measurable spin-orbit 
coupling.13,14  
More recently, room-temperature spin polarization of electrons transmitted through 
organized chiral molecular assemblies on surfaces has been observed with scattering 
asymmetries 103-104 times larger than those of gas-phase molecules.15-17 These results have 
catalyzed a new wave of investigations into the fundamental roles of spin in biology and for 
the prospective use of chiral molecules for organic spintronics.18-21 These spin-dependent 
and enantioselective interactions between electrons and chiral molecules are described by 
the chiral-induced spin selectivity (CISS) effect (Figure I.2).22  
 
 
 
Figure I.1. Illustration of chirality, or lack of mirror symmetry, between two asymmetric chemical 
structures. Like our hands, the two mirror image molecules, or enantiomers, cannot be 
superimposed on one another. 
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Many theoretical models have been developed to explain this phenomenon, including 
spin-dependent scattering by helical electrostatic potentials and tight-binding models to 
describe band motion along helical paths.23-38 Many models attribute the observed effects to 
unconventional Rashba-like (momentum-dependent) spin-orbit coupling,39 and conclude 
that chirality is essential to observe spin polarization due to inversion asymmetry. Spin 
filtration is thus hypothesized to arise from coupling between the magnetic moment of an 
electron and effective magnetic fields due to relativistic effects in electron propagation 
through chiral electrostatic potentials.  
 
 
 
 
Figure I.2. Schematic of the chiral-induced spin selectivity effect. Electrons of opposite spin states 
(red and blue) are transmitted through chiral molecules (e.g. double-stranded DNA, shown above) 
more easily in one direction vs the other depending on molecular handedness. My research aims 
to elucidate two important aspects of this phenomenon: identifying the preferred spin state in 
electron-chiral molecule interactions, and measuring the relative spin-dependent energy barriers 
to transmission through chiral molecules. Adapted with permission from ref 22. Copyright 2015 
Annual Reviews. 
 5 
This effective magnetic field induces energy splitting between the two otherwise 
degenerate spin states, preferentially aligning electron spin parallel or antiparallel to its 
linear momentum. Even when an external magnetic field is applied, no spin polarization is 
expected in the absence of spin-orbit interactions.40 When the handedness of a molecule is 
reversed, the sign of the spin-orbit interaction changes, and the preferred longitudinal spin 
orientation of an electron transmitted through a chiral molecule should be reversed. 
Still, the models that suggest filtering is a consequence of an intramolecular magnetic 
field from helix-induced spin-orbit coupling solely fail to explain many observations. For 
example, to account for the large photoelectron polarization consistent with experiments, 
the effective magnetic field must exceed a few hundred Tesla – over three orders of 
magnitude larger than any possible intramolecular field based on typical spin-orbit 
interactions in organic molecules.  
Two important questions remain unanswered due, in part, to the lack of systematic 
investigations of parameters that may influence and enhance spin filtration by chiral 
molecules, as well as conflicting experimental results (Figure I.2, and Table I.1 in 
Section I.D.). First, given molecule handedness and electron propagation direction, which 
spin is preferentially transmitted? Second, what are the relative energy barriers to 
transmission of electrons with opposite spin through a chiral molecule? My thesis research 
aimed to answer both of these questions. 
In this chapter, I provide a brief history of the discovery of the spin angular 
momentum of the electron during the advent of quantum mechanics, and define electron 
helicity, which is pertinent within the context of the work described herein. I provide an 
overview of how investigations of the CISS effect evolved into a fascinating and emergent 
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field of its own within the scope of organic spintronics. Finally, I conclude by describing the 
state of the field, and suggest ways in which experiments to study the CISS effect may evolve 
beyond mere observation of spin selectivity to understanding the mechanisms of 
polarization. 
 
I.B. Electron Dichroism 
I.B.1. The Spin of an Electron 
In addition to their negative charge, electrons possess an intrinsic angular momentum 
attributed to a property known as spin, which gives rise to a magnetic dipole moment () 
aligned opposite to the spin angular momentum vector (S). This value is quantized, and upon 
measurement, one of two possible spin states for a particular laboratory-defined axis is 
observed: spin up or spin down.  
What is now known as the Stern-Gerlach experiment, envisioned in 192141 and 
conducted in 1922,42,43 represents the first observation of quantization of magnetic moment 
associated with the electron spin, although it was not conceived for this purpose. This 
experiment was designed originally to test classical vs (old) quantum mechanical 
interpretations of the behavior of particles with orbital angular momentum, and resulting 
magnetic moment, within a magnetic field.44 The observations, described below, resulted in 
a radical departure from the use of classical mechanics to describe magnetic phenomena at 
the atomic scale. Uhlenbeck and Goudsmit’s postulate of the idea of an intrinsic spin angular 
momentum of an electron in 192545 (originally put forth by Compton in 1921,46 but applied 
to line spectra fine structure interpretation by Uhlenbeck and Goudsmit47), led to the 
unintentional rejection of the old quantum theory as well. 
 7 
 In the Stern-Gerlach experiment, silver was heated in an oven with a small hole that 
allowed some gas-phase silver atoms to escape. The resulting beam of silver atoms passed 
through a collimator and was subjected to a perpendicularly oriented, inhomogeneous 
magnetic field in the z-direction (Figure I.3). Silver atoms are composed of a nucleus and 47 
electrons; 46 electrons have paired spins and may be envisioned as a spherically 
symmetrical electron cloud with zero net orbital angular momentum, whereas the 47th (5s) 
electron has an intrinsic and uncompensated spin angular momentum (and as we know now, 
zero orbital angular momentum). Ignoring nuclear spin, each atom as a whole possesses a 
value of  proportional to the spin of a single electron, S. 
 Atoms with the z-component of  aligned parallel to the magnetic field (z>0, and 
therefore Sz<0) experienced a downward force while atoms with z<0 (Sz>0) experienced an 
upward force. Despite the atoms (and ) being randomly oriented, the deflected atoms were 
split into two distinct components rather than a continuous dispersion (which is what would 
be expected from classical mechanics), indicating that only two possible values of Sz were 
possible: Sz up and Sz down.  
 
 
Figure I.3. Schematic of the Stern-Gerlach experiment.  
N
S
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 Within the context of the works described in this thesis, the spin of an electron may 
be used to define its handedness, or helicity, in relation to its motion. The helicity of an 
electron is the projection of the spin vector onto the momentum vector, p; an electron with 
right-handed helicity has the component of S along p oriented parallel to momentum 
direction, while for an electron with left-handed helicity, S and p point in opposite directions 
(Figure I.4). While not yet fully understood, it is now clear that the helicity of an electron and 
the handedness of a chiral molecule may dictate the transmission probabilities or tunneling 
efficiencies (depending on the charge transport regime) of electrons through chiral 
molecules. 
 
I.B.2. Spin-Dependent Scattering of Polarized Electron Beams by Chiral Molecules 
Analogous to the dissymmetric nature in which chiral molecules that possess optical activity 
absorb left- or right-handed circularly polarized light preferentially, that is, circular 
dichroism, it is thought that chiral molecules of opposite handedness would interact with 
electrons differently depending on the electron helicity. These ideas stemmed as a byproduct 
 
 
Figure I.4. Illustration of electron helicity. An electron is characterized as having left-(right-) 
handed helicity if the projection of the spin angular momentum, S, is aligned antiparallel (parallel) 
to the electron’s momentum, p. 
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from experimental investigations of enantioselective syntheses or decompositions of optical 
isomers using circularly polarized light to explain the origin of molecular asymmetry in living 
organisms. The experimental sources of circularly polarized radiation, chosen to reflect 
possible sources of circularly polarized light in Nature, were radioactive isotopes that 
undergo -decay. This radioactive -- (+-)decay process where a neutron (proton) is 
converted to a proton (neutron) results in the emission of an electron (positron) and an 
antineutrino (electron neutrino), and sometimes bremsstrahlung, which is circularly 
polarized “secondary radiation”. 
Despite previous reports of insignificant differences in decay rates of one enantiomer 
vs another,48-50 in 1968, Garay reported the positive observation of enantioselective 
destruction of D- or L-tyrosine in basic solutions by -particles from strontium-90, and 
suggested that there may be a spin dependence in the interaction between polarized 
electrons and chiral species.11 However, subsequent experiments that were designed to test 
this hypothesis were inconclusive.51,52 In 1980, Farago extended this thinking to a 
generalized theoretical formalism to predict that electron scattering from optically active 
molecules should be accompanied by (albeit small) spin polarization, an observation that 
would not be observed with achiral species. This phenomenon was called electron 
dichroism.53 
While previous attempts were unsuccessful,54 in 1985, Campbell and Farago reported 
spin-dependent electron scattering from randomly-oriented gaseous D- and L-camphor 
molecules.55,56 These experiments were designed to measure the attenuation and 
polarization of beams of longitudinally-polarized photoelectrons from a gallium arsenide 
(GaAs) source through vapor of the optically active molecules. This asymmetric scattering 
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was expected due to different elastic forward scattering amplitudes that may depend on the 
handedness of the target molecules. Transmission asymmetry, A, was defined as: 
𝐴 =
𝐼(𝑃) − 𝐼(−𝑃)
𝐼(𝑃) + 𝐼(−𝑃)
 (1) 
where I(P) and I(−P) represent the intensities of transmitted electrons with spin 
polarization aligned parallel (right-handed electron helicity) or antiparallel (left-handed 
electron helicity) to the beam axis. Using electrons with kinetic energies of 5 eV, transmission 
asymmetries of A(D) = 23 ± 11 × 10-4 and A(L) = -50 ± 17 × 10-4 were calculated for D- and 
L-camphor molecules, respectively. 
Still, these results could not be reproduced. In 1995, Mayer and Kessler reported, 
using a similar experimental setup, with smaller measurement uncertainties, and for 
multiple electron kinetic energies between 0.5 and 10 eV, no transmission asymmetry that 
differed from zero (by >3×10-5) nor chirality-induced spin polarization (irrespective of 
electron energy or handedness of camphor isomers).12 However, the incorporation of high 
atomic number (Z) atoms in camphor-lanthanoid complexes (Figure I.5) and in bromo- and 
dibromocamphor resulted in the positive experimental verification of electron 
dichroism.12-14 These results were in agreement with theoretical predictions that scattering 
asymmetries from randomly oriented chiral molecules should only be observed for species 
that contain high-Z atoms.57 
Surprisingly, spin-dependent interactions between electrons and common biological 
molecules composed of low-Z atoms have since been confirmed with electron transmission 
asymmetries that are 10,000 times larger than those observed for optically active molecules 
in the gas phase.15-17 Such large electron polarization has been achieved by adsorbing 
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molecules on surfaces, thereby imparting orientation to enhance and to focus asymmetry in 
scattering of low kinetic energy electrons through chiral molecule assemblies. In the 
following section, I highlight the experiments that led to the discovery and verification of 
electron dichroism by surface-bound chiral molecule species, a phenomenon that has 
evolved into what is now referred to as the CISS effect.44  
 
 
 
 
Figure I.5. Transmission asymmetry, A, in the transmission of spin-polarized electron beams 
through vapor of (+)- (black circles) and (-)- (white circles) camphor-lanthanoid complexes as a 
function of electron kinetic energies. Representative chemical structures of metallo-organic 
hydrofluorocarbon (hfc) derivatives of camphor with praseodymium are shown on the right. 
Reproduced with permission from ref 14. Copyright 1997 IOP Publishing Ltd. 
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I.C. Experimental Demonstrations of Chiral-Induced Spin Selectivity by Chiral- 
Molecule Assemblies 
I.C.1. Photoelectron Spin Filtering by Organized Films of Chiral Molecules 
While dissymmetric scattering of spin-polarized electron beams by enantiomers in the gas 
phase could only be confirmed using camphor derivatives functionalized with heavy atoms, 
theoretical investigations predicted that larger asymmetry in scattering could be obtained 
from oriented molecules composed of atoms with low atomic spin-orbit coupling 
strengths.59,60 Work led by Naaman and Waldeck demonstrated this effect for the first time 
by measuring asymmetric scattering of polarized electrons through Langmuir-Blodgett films 
of either L- or D-stearoyl lysine on gold (Au) substrates (Figure I.6a).15 Photoelectron 
transmission was tested through enantiomerically pure multilayers (5L or 5D) films, mixed 
layers (i.e., 3L2D or 3D2L and 1L2D2L or 1D2L2D), and 5L films where each layer was doped 
with 1% D-stearoyl lysine. Spin-polarized photoelectrons were ejected from Au surfaces 
using left- or right-handed circularly polarized light61,62 from a 247 nm ultraviolet (UV) light 
source and the intensities of collected photoelectrons were compared for each of the above 
conditions.  
 The electron energy distributions that were measured showed increased yields of 
photoelectrons collected through 5L films when surfaces were irradiated with right-handed 
circularly polarized light vs left-handed circularly polarized light (Figure I.6b); the opposite 
trend was observed using 5D films.15 Films containing mixed layers of D- and L-stearoyl 
lysine were similar to one another and showed lower electron transmission probability than 
films of pure multilayers. Interestingly, in 5L films doped with 1% D-stearoyl lysine 
impurities, the effect disappeared, and no dependence of the photoelectron transmission 
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yield on light polarization could be measured (Figure I.6c). This observation, and the overall 
enhancement of spin selectivity in electron transmission probabilities through organized 
films of chiral molecules vs dilute molecule vapors, is hypothesized to be attributed to the 
interaction of the wavefunctions of transmitted electrons with multiple molecules 
simultaneously. 
 
 
 
Figure I.6. (a) Chemical structure of L-stearoyl lysine. (b) Electron energy distribution of 
photoelectrons from Au surfaces coated with 5 Langmuir-Blodgett layers (5L) of L-stearoyl lysine 
and (c) 5L films of L-stearoyl lysine where each layer was doped with 1% D-stearoyl lysine. 
Photoelectrons were ejected using right-handed (clockwise) circularly polarized light (dashed 
lines), left-handed (counter-clockwise) circularly polarized light (dotted lines), or linearly 
polarized light (solid line). Reproduced with permission from ref 15. Copyright 1999 American 
Association for the Advancement of Science. 
 
 14 
Naaman and coworkers subsequently performed analogous experiments with self-
assembled monolayers (SAMs) of single-stranded or double-stranded deoxyribonucleic acid 
(DNA) attached to Au surfaces via thiolated tethers due to the formation of robust gold-
sulfur (S) bonds.16 Single-stranded DNA (ssDNA) molecules are chiral due to the deoxyribose 
sugars (D-form) within the phosphodiester backbone, while the hierarchically more complex 
structures of double-stranded DNA (dsDNA) duplexes exhibit higher order chirality due to 
the double-helical nature of the hybridized forms. No dependence of the polarization of light 
was observed in the electron energy distribution from photoelectrons transmitted through 
SAMs of ssDNA. To explain these observations, the authors suggest that while chiral, the 
ssDNA molecules lack a rigid helical structure and films are much less organized resulting in 
no measureable spin selectivity. 
 However, in the case of dsDNA SAMs, a higher transmission efficiency of 
photoelectrons was detected by irradiation via left-handed circularly polarized light vs right-
handed circularly polarized light. Naaman and coworkers later measured explicitly the spin 
polarization of photoelectrons emitted from Au surfaces coated with SAMs of dsDNA 
molecules using a Mott polarimeter (Figure I.7a).17 The spin polarization was measured 
parallel to the surface normal for each substrate; that is, the electron spin angular 
momentum vector of photoelectrons was measured to be parallel (Sz up, right-handed 
helicity) or antiparallel (Sz down, left-handed helicity) to the axes of nominally vertically 
aligned dsDNA helices in the SAMs. 
Using linearly polarized light, which results in initially unpolarized photoelectron 
populations, increasingly negative spin polarization of collected photoelectrons was 
measured with increasing lengths of the DNA helices, with polarization of ca. -60% for SAMs 
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of double-stranded DNA composed of 78 base pairs (ca. eight helical turns) (Figure I.7b). 
Spin polarization (P) is defined as: 
𝑃 =
𝑁↑ − 𝑁↓
𝑁↑ + 𝑁↓
 (2) 
where 𝑁↑ and 𝑁↓ represent the number of spin up and spin down electrons within a 
population, respectively. The negative sign of the polarization observed by Naaman and 
coworkers indicates that the preferred spin of transmitted electrons was aligned antiparallel 
to the initial velocity direction (left-handed helicity).  
 
 
 
 
Figure I.7. (a) Schematic illustrating double-stranded DNA (dsDNA) self-assembled monolayers 
(SAMs) as a photoelectron spin filter. (b) Longitudinal spin polarization of photoelectrons as a 
function of DNA length. Open circles represent bare Au surfaces. Closed circles represent Au 
surfaces functionalized with dsDNA SAMs.  Open diamonds represent Au surfaces functionalized 
with single-stranded DNA SAMs. Open triangles represent Au surfaces functionalized with dsDNA 
SAMs damaged with ultraviolet radiation. Photoelectrons were ejected using left-handed 
(counter-clockwise) circularly polarized light (red), linearly polarized light (blue), or right-
handed (clockwise) circularly polarized light (green). Reproduced with permission from ref 17. 
Copyright 2011 American Association for the Advancement of Science. 
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Importantly, these measurements, and those described below, were all performed at 
room temperature. The generation and manipulation of spin-polarized electrons are typically 
associated with inorganic materials with large spin-orbit coupling strengths and cryogenic 
conditions, yet the observed spin polarization by double-stranded DNA SAMs was 
comparable to the magnitude of polarization obtained via photoemission from InGaAs using 
circularly polarized light (ca. 70-80%).63 Similar experiments to measure the spin 
polarization of photoelectrons transmitted through chiral molecule assemblies have since 
been performed using films of proteins such as bacteriorhodopsin embedded within lipid 
bilayers,64 monolayers of α-helical peptides,65 and most recently, helicenes.66 Together, these 
results suggest that chiral molecule films may be applied as efficient room-temperature 
electron spin filters and serve as sources of polarized electrons for either spintronics 
applications or to facilitate enantioselective chemistries.67,68  
 
I.C.2. Spin-Dependent Conduction and Charge Transfer through Chiral Molecules 
Compared to over-the-barrier electron transmission in photoemission studies, when 
electrons are confined to move within helical electrostatic potentials in hopping or tunneling, 
the supposed mechanisms of spin filtration appear to be different as indicated by more 
efficient conduction by electrons of opposite helicity. As an example, using conductive atomic 
force microscopy (AFM), the conductance through isolated DNA molecules assembled on 
nickel (Ni) was measured (Figure I.8a).69 The magnitude of the current was shown to depend 
on the magnetization direction of the underlying Ni, dictated by a permanent magnet placed 
underneath the substrates with poles oriented parallel or antiparallel to the surface normal. 
While the DNA acts as a spin filter, invariant of an external magnetic field, charge injection 
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into or out of ferromagnetic (FM) materials such as Ni is spin dependent, resulting in 
different conductances when the substrates were magnetized up vs down. In these 
experiments, larger currents through right-handed double-stranded DNA helices were 
observed when the magnetization of the substrate was oriented down (Figure I.8b), an effect 
that increased with the length of DNA. Thus, the spin angular momentum of electrons within 
the majority (minority) spin subbands of the Ni substrates were oriented up (down) under 
this condition, indicating that the right-handed DNA molecules preferentially transmitted 
electrons with right-handed helicity, compared to left-handed helicity as measured in 
photoemission experiments. 
 
 
 
Figure I.8. (a) Experimental setup in which current through double-stranded DNA junctions is 
measured by applying a bias between a conductive atomic force microscopy (AFM) tip and a 
ferromagnetic substrate. Metallic Au nanoparticles were used to make electrical contact to the 
DNA molecules. (b) Current as a function of applied bias when substrates were magnetized up vs 
down with an externally applied magnetic field when functionalized with double-stranded DNA 
with increasing numbers of base pairs (bp). Reproduced with permission from ref 69. Copyright 
2011 American Chemical Society. 
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While measurements of current through chiral molecules in which one electrode or 
contact is a FM material provides direct verification of suppression or enhancement of 
charge transfer through the molecular junctions,70-74 many creative experimental designs 
have demonstrated ways to observe the CISS effect via indirect techniques. Mondal et al. 
demonstrated the capability of using emission from quantum dots (QDs) tethered to FM 
substrates via chiral linkers as an indirect method to probe spin selectivity in competitive 
charge transfer to the substrates upon photoexcitation (Figure I.9a).75 Molecular assemblies 
of α-helical oligopeptides were prepared on top of FM substrates composed of multilayer 
stacks of cobalt (Co) and platinum (Pt) and capped with a thin layer of Au to minimize 
oxidation and to facilitate binding of the oligopeptides to the surface via Au-sulfur (S) bonds. 
Cadmium selenide (CdSe) QDs were chemically attached to the free terminal amines on the 
N-termini of bound oligopeptides. Spin-dependent photoluminescence measurements were 
performed by placing a permanent magnet directly underneath the functionalized 
substrates. Again, the magnetic field direction was changed between “up” or “down” 
orientations by rotating the underlying magnet by 180o. 
Upon photoexcitation, CdSe QD holes were selectively transferred to the FM 
substrates (electrons from the surfaces to the CdSe QDs) via the chiral oligopeptide tethers. 
As a result, the photoluminescence intensity, which depends on the probability of radiative 
electron-hole recombination, was dependent on the direction of the injected spin from the 
FM substrates (Figure I.9b). The oligopeptides acted as spin filters, and exhibited spin 
dependence in the charge transfer process, preferentially transmitting spin-down electrons 
injected from the FM substrate. Under “field up” conditions, charge transfer and radiative 
recombination are suppressed, and photoluminescence intensities are partially quenched. 
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In contrast, when CdSe QDs were attached to the FM substrates by achiral SAMs of 
4-aminophenol, biphenyl-4,4’-dithiol, or 1,16-hexadecanedithiol molecules, there was no 
dependence of the photoluminescence on the external magnetic field direction 
(Figure I.9c-e).  
 
 
Figure I.9. (a) Surface functionalization strategy to tether sequentially -helical oligopeptides 
(Ala8) and cadmium selenide (CdSe) quantum dots (QDs) to Au-coated ferromagnetic (FM) 
multilayer stacks of cobalt (Co) and platinum (Pt) on Si/SiO2 substrates. (b) Photoluminescence 
intensity from CdSe QDs bound to FM films by Ala8 when substrates were magnetized up vs down 
with an external magnetic field (H) using a green laser at 514 nm. (c) Identical measurements in 
which CdSe QDs were tethered to FM films by achiral self-assembled monolayers of 1,16-
hexadecanedithiol, (d) biphenyl-4,4’-dithiol, and (e) 4-aminophenol. Reproduced from ref 75. 
Copyright 2016 American Chemical Society. 
 
 20 
In a second example of investigating the CISS effect indirectly through 
photoluminescence measurements, Roy et al. demonstrated that films of wild-type 
bacteriorhodopsin-CdSe assemblies bound within lipid membranes were formed on FM Ni 
substrates (Figure I.10a).76 Using experiments analogous to those described above, spin-
dependent electron transfer was observed from the Ni substrates to holes within the 
photoexcited CdSe NPs via a retinal in the purple membrane wild-type bacteriorhodopsin 
protein (Figure I.10b). The photoluminescence intensity was affected by the orientation of 
an external magnetic field used to magnetize the Ni substrates up or down, which was 
hypothesized to be due to spin-filtering by the protein that contains multiple, parallel 
α-helical subunits.  
 
 
 
 
Figure I.10. (a) Schematic of an experimental setup to measure photoluminescence intensity 
from cadmium selenide (CdSe) quantum dots (QDs) tethered to bacteriorhodopsin assemblies 
bound within lipid membranes on ferromagnetic (FM) nickel substrates. (b) Photoluminescence 
intensity from CdSe QDs in which the FM substrates were magnetized up vs down with an external 
magnetic field (H) using a green laser at 514 nm. The inset displays the maximum difference in 
photoluminescence observed between magnetic field orientations. Reproduced from ref 76. 
Copyright 2016 American Chemical Society. 
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These and other observations of spin-dependent charge transfer through proteins are 
particularly exciting because of the possible biological implications that relate spin and 
chirality in electron transfer processes in Nature.64,77,78 Still, additional measurements and 
new experimental designs are necessary to investigate spin selectivity in charge transfer 
through proteins within native environments as opposed to being adsorbed on planar 
substrates. 
Indeed, all of the aforementioned experimental frameworks used external magnetic 
fields and FM materials to probe spin-dependent charge transfer and conductance due to the 
spin-valve-like combinations of chiral molecule spin filters and preferential spin alignment 
in charge injection (ejection) into (from) FM surfaces. However, recent work by Waldeck and 
co-workers demonstrated chiral-dependent fluorescent lifetimes in QD dyad assemblies 
through the use of circularly polarized light in an experimental design that circumvented the 
need for both FM surfaces and external magnetic fields.66  
In these experiments, CdSe QDs were coated with the chiral ligands D- and L-cysteine, 
which imprinted them with a chiral signature (Figure I.11a,b). Chiral CdSe QDs were 
covalently tethered to achiral donor cadmium telluride (CdTe) donor QDs to form a QD 
charge-transfer dyad with a chiral bridge. These QD dyads were then electrostatically 
adsorbed on positively charged SiO2 microbeads. Microbeads with slower rates of rotational 
averaging due to their significantly larger size oriented the QDs with respect to the incident 
light, such that QDs on the front side of the microbeads were illuminated more strongly than 
QDs on the back side. This asymmetric irradiation enabled the photoexcited charge carrier 
population to be spin polarized within a laboratory-defined axis.  
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Alternatively exciting the system with circularly polarized incident radiation, the achiral 
CdTe donor QDs generated unequal populations of spin-up and spin-down excited state 
electrons due to conservation of angular momentum. Fluorescence lifetime measurements 
were conducted to monitor the duration of the CdTe excited state generated upon light 
absorption, which is dependent on the energy barrier to charge transfer from the donor to 
the acceptor QD through the chiral bridge. A lower barrier to charge transfer leads to 
increased fluorescence quenching and a lowered lifetime, and vice versa. Due to the chiral 
nature of the linker, the charge transfer barrier is spin selective.  
 
 
Figure I.11. (a) Schematic depicting the electrostatic adsorption of cadmium selenide (CdSe) – 
cadmium telluride (CdTe) quantum dot (QD) charge-transfer dyad assemblies on SiO2 
microbeads. (b) Circular dichroism spectra demonstrating the chiral imprinting of CdSe QDs with 
D- and L-cysteine capping ligands. (c-e) Representative photoluminescence decays of chiral and 
achiral (using mercaptopropionic acid, MPA) QD assemblies excited using right-handed 
(clockwise) circularly polarized light (blue), left-handed (counter-clockwise) circularly polarized 
light (green), or linearly polarized light (black). Insets show lifetime distributions. Reproduced 
with permission from ref 79. Copyright 2017 American Chemical Society. 
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Using this methodology, Bloom et al. were able to measure dissymmetric charge 
transfer lifetimes that depended on both the chirality of the linker and the polarization of the 
incident light. Using L-cysteine linkers, the fluorescent lifetimes of the dyads were enhanced 
when illuminated with clockwise circularly polarized light, and suppressed when 
illuminated with counterclockwise circularly polarized light (vs lifetimes measured upon 
illumination with linearly polarized light) (Figure I.11c). No dependence was observed using 
achiral mercaptopropionic acid linkers (Figure I.11d), and the opposite trend was observed 
if the acceptor QD was instead capped with D-cysteine (Figure I.11e). The experiments 
demonstrate the sensitivity of fluorescence lifetime measurements in elucidating spin-
selective charge transport in chiral fluorescent assemblies, which may provide more detailed 
information on the unexplored relative energy barriers to spin-flip transitions in chiral 
electrostatic potentials. 
 
I.C.3. Spin Dependence in Electrochemical Reactions 
Magnetic field effects in electrochemistry have been investigated for decades.80-82 However, 
many of these observations have been attributed to Lorentz or Kelvin forces. The Lorentz 
force describes the force from magnetic fields acting on a freely moving point charge (such 
as an electron or ions), which has been used to explain the interactions between the external 
fields and local electric current density.83 The Kelvin force due to magnetic field gradients 
acts directly on paramagnetic species in electrolyte solutions to influence local concentration 
gradients near electrode surfaces.84 Additional magnetic field effects on electrochemical 
reaction rates and on the kinetics of electron transfer of radical pairs have been reported and 
are well studied.85,86 
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Electrodes with enantioselectivity toward chiral targets have also been developed 
that show different reaction rates between isomers in redox processes, which demonstrate 
promising avenues toward green enantioselective chemical syntheses and determination of 
enantiopurity.87,88 Typically, this selectivity is accomplished by the use of magnetic fields to 
tune the morphology of electrodeposited films,89 by adsorbing chiral molecules directly on 
electrode surfaces,90 or by imprinting polymer coatings with chiral molecules91 resulting in 
larger steric hindrance of left- or right-handed analytes for binding to electrode surfaces. 
However, until recently, the spin polarization of Faradaic currents, which may result from 
chiral molecule-modified electrodes, has not been considered.92 
Importantly, compared to aforementioned studies of the CISS effect in photoemission 
and conduction with molecules under dry and ultrahigh vacuum conditions, investigating 
spin selectivity in charge transfer reactions that occur in solution or under physiological 
conditions will be critical to assess possible biological significance of the CISS effect. 
Electrochemical techniques present convenient methods to study these effects and enable 
the investigation of redox reactions that occur between free or tethered analytes and 
hydrated chiral biomolecules assembled on FM electrodes.  
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Naaman and coworkers reported that redox reactions are sensitive to electron spin 
orientation in experiments that used ferromagnetic Ni electrodes coated with varying 
thicknesses of Au.93 The Au capping layers are necessary due to facile oxidation of the 
underlying FM materials in electrolyte solutions and to enable the formation of robust SAMs 
 
 
Figure I.12. (a) Schematic of electrochemical cell using a saturated calomel electrode (SCE) as a 
reference electrode (RE), a Pt wire as a counter electrode (CE), and a Au-coated Ni substrate as a 
working electrode (WE). Current (I) between the WE and CE is measured while the potential (V) 
between the WE and RE is varied. (b) Surface functionalization strategy to tether subsequently 
L- or D-cysteine and the redox-active dye, toluidine blue O (TBO) to WE surfaces. 
(c) Representative cyclic voltammograms of TBO reduction and oxidation when an underlying 
magnetic field is oriented up (dashed black cure) or down (solid red curve) to magnetize the 
Au/Ni functionalized with L- or (d) D-cysteine tethers. (e) Spin polarization by L-cysteine, 
calculated as the difference between peak currents measured when substrates are magnetized up 
vs down, divided by their sum, as a function of the thickness of the Au capping layer. Reproduced 
from ref 93. Copyright 2015 American Chemical Society. 
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of thiolated molecules. In one experiment, Au surfaces were functionalized with the achiral 
redox active dye toluidine blue O via chiral cysteine tethers (Figure I.12a,b). The magnitude 
of the cathodic and anodic currents were used to compare charge transfer efficiencies 
dependent on the handedness of the cysteine tether and the magnetization orientation of the 
Ni electrode modulated parallel or antiparallel to the surface normal with a permanent 
magnet underneath the substrates (Figure I.12c,d). In the same work, cytochrome c, a 
globular protein with well-known redox chemistry, was electrostatically adsorbed on Au-
coated Ni electrodes functionalized with achiral SAMs of alkanethiols.93 Surprisingly, despite 
the random orientation of proteins within the adsorbed layer, spin polarization effects were 
observed to be larger than 30% compared to substrates functionalized with chiral cysteine 
tethers bound directly on the Au surfaces. 
An important experiment that the authors performed was measuring the dependence 
of the spin polarization effect on the thickness of the Au capping layer ranging from 5-30 nm 
(Figure I.12e). The difference in current measured when the Ni substrates were magnetized 
up vs down was found to decrease as the thickness of the Au layer increased. This result is 
attributed to the large spin-orbit coupling of the Au which depolarizes the injected charge at 
the Ni/Au interface, and confirms the necessity for ultrathin Au capping layers to immobilize 
molecular films on easily oxidized FM substrates.  
Using similar experimental setups, Barton and coworkers demonstrated helix-
dependent spin filtering through hydrated DNA duplexes using Ni working electrodes 
capped with a 10 nm layer of Au, and functionalized with double-stranded DNA SAMs 
(Figure I.13a).94 The efficiency of reduction of a redox probe, methylene blue (MB+, which 
intercalates within the duplexes, and is therefore well-coupled to the base stacks – a 
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necessity for DNA-mediated charge transfer), and thus the efficiency of DNA-mediated 
charge transfer, was found to be higher when substrates were magnetized up (magnetization 
parallel to the surface normal) vs down for right-handed, B-form DNA (Figure I.13b). When 
the helicity of the DNA within the SAMs was reversed to the left-handed, Z-form, with the 
addition of magnesium chloride to the electrolyte solutions, the spin selectivity was 
reversed. This reversal led to higher cathodic currents attributed to MB+ reduction when the 
substrates were magnetized down (Figure I.13c).  
 
 
Figure I.13. (a) Schematic of reversible reduction of methylene blue (MB+) to leucomethylene 
blue (LB) noncovalently bound to double-stranded DNA assembled on Au-capped nickel working 
electrodes used in electrochemical experiments. (b) Represenative cathodic peak region of a 
cyclic voltammogram of MB+ reduction when an external magnetic field is applied up (red) vs 
down (blue) to magnetize the underlying nickel substrate. Inset shows the full voltammogram. 
(c) Differences in current obtained by subtracting cathodic scans obtained for substrates 
magnetized down from up conditions when working electrode surfaces are functionalized with 
double-stranded DNA containing methylated cysteine. High salt conditions in the electrolyte 
obtained by the addition of magnesium (Mg2+) induced conformational change from right-handed 
B-DNA to left-handed Z-DNA, resulting in a reversal of spin selectivity in the measured current. 
Reproduced with permission from ref 94. Copyright 2016 American Chemical Society. 
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Thus, the supramolecular organization of the DNA duplexes was found to dictate the 
spin polarization in charges that propagate along the -stack, as opposed to the handedness 
of the individual monomeric sugars within the phosphodiester backbone that remain 
unchanged in the conformational rearrangement from B-form to Z-form. This observation is 
interesting because similar deliberation of results must be considered in other systems, 
namely, right- (left-) handed -helical peptides that are composed of “left- (right-) handed” 
amino acid monomers. Competing mechanisms may exist in different charge transport 
regimes in which the wavefunction of transmitted electrons interacts with individual chiral 
centers vs the helical secondary or tertiary structure of molecules. 
 
I.D. Challenges and State of the Field 
In addition to molecular handedness and electron helicity, system-dependent factors may 
influence experimental observations. These factors include the relative density of states of 
majority and minority electrons within FM materials, as well as externally applied bias37 
and/or intrinsic electric dipole orientations within molecules.95 
Definitive observations of the CISS effect can be impeded by measurement variability 
under ambient pressure and temperature conditions. These challenges confound the 
fundamental understanding of enhanced vs suppressed charge transfer, for instance, at 
molecule-FM metal interfaces. Thus, identifying the preferred helicity for electrons confined 
to move along chiral potentials, such as hopping or tunneling along a helical molecule, has 
proven to be difficult, with conflicting experimental studies regarding the preferred 
polarization orientation.  
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Preferred electron helicities reported in transmission through various chiral 
molecule systems are listed in Table I.1. Where spin polarization of transmitted electrons is 
not explicitly measured, I assume that majority (minority) spin electrons are preferentially 
ejected (injected) from (into) FM substrates or probe tips. Experimental reports that agree 
or disagree with theoretical predictions of preferred electron helicity are highlighted in blue 
and orange, respectively; that is, that for right-handed helical molecules, right-handed 
electron helicity is selected for in bound-electron transfer, while left-handed electron helicity 
is preferred in over-the-barrier transmission (and vice versa for left-handed 
molecules).31,36,38  
The preferred spin polarization determined from theoretical models has also been 
inconsistent.24 Adoption of the aforementioned predictions as the “correct” relationship 
between molecule and electron helicity in charge transport was chosen based on the 
agreement with my own experimental results, but otherwise picked simply to enable 
discrimination of experimental works that report opposite trends. Furthermore, no 
established theoretical models have been made for spin selectivity in transmission through 
molecules of D-/L- without hierarchical helical structure or M-/P- convention, so, I group D- 
and P-enantiomers with right-handed helices; and L- and M-enantiomers with left-handed 
helices. 
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Table I.1: Preferred electron helicity in charge transport determined from various experimental systems. 
 
Chiral Molecule Enantiomer Experimental System Charge Transport Regime 
Preferred 
Electron Helicity 
Ref. 
Single-stranded 
DNA 
D-form (deoxyribose in nucleotides) SAMs on Au Photoemission None 16,17 
D-form (deoxyribose in nucleotides) SAMs on Au/Ni Electrochemical charge transfer None 94 
Double-stranded 
DNA 
Right-handed double helix SAMs on Au Photoemission None 96 
Right-handed double helix SAMs on Au Photoemission Left 16,17 
Right-handed double helix SAMs on Ni, NM tip Conduction (AFM) Right 69 
Right-handed double helix SAMs on Ag/AlOx/Ni Photoexcited charge transfer Right 97 
Right-handed double helix SAMs on Au/Ni Electrochemical charge transfer Left 94 
Right-handed double helix SAMs on Au/(Co/Pt) Photoexcited charge transfer Right 98 
α-helical 
oligopeptide 
Right-handed helix (L-form amino acids) SAMs on Au Photoemission Left 65 
Right-handed helix (L-form amino acids) SAMs on Ni Electrochemical charge transfer Left 65 
Right-handed helix (L-form amino acids) SAMs on Ni Conduction (AFM) Right 65,74 
Right-handed helix (L-form amino acids) SAMs on Au, FM tip Conduction (STM) Right 73 
Left-handed helix (D-from amino acids) SAMs on Au, FM tip Conduction (STM) Left 73 
Right-handed helix (L-form amino acids) SAMs on Au/(Co/Pt) Electrochemical charge transfer Right 75 
Right-handed helix (L-form amino acids) SAMs on Au/(Co/Pt) Photoexcited charge transfer Left 75 
Right-handed helix (L-form amino acids) SAMs on Au/(Co/Pt) Photoemission Left 99 
Left-handed helix (D-from amino acids) SAMs on Au/(Co/Pt) Photoemission None 99 
Cysteine 
D-form SAMs on Au/Ni Electrochemical charge transfer Right 93 
L-form SAMs on Au/Ni Electrochemical charge transfer Left 93 
D-form Functionalized QDs on HOPG, FM tip Conduction (AFM) Left 71 
L-form Functionalized QDs on HOPG, FM tip Conduction (AFM) Right 71 
Stearyol lysine 
L-form LB films on Au Photoemission Right 15 
D-form LB films on Au Photoemission Left 15 
Helicene 
M-form (left-handed helix advancement) SAMs on HOPG, FM tip Conduction (AFM) Right 72 
P-form (right-handed helix advancement) SAMs on HOPG, FM tip Conduction (AFM) Left 72 
M-form (left-handed helix advancement) SAMs on Cu, Ag, Au Photoemission Left 66 
P-form (right-handed helix advancement) SAMs on Cu, Ag, Au Photoemission Right 66 
 
SAM: self-assembled monolayer; FM: ferromagnetic; NM: non-ferromagnetic material; AFM: atomic force microscopy; STM: scanning 
tunneling microscopy; LB: Langmuir-Blodgett; HOPG: highly-ordered pyrolytic graphite; QD: quantum dot.
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With few exceptions, nearly all experimental investigations of the CISS effect to date 
have relied on molecular self-assembly on planar metal or semiconducting surfaces, which 
do not mimic biological environments and complicates deconvolution of the role of the 
substrates in spin polarization.31,66 In addition, the formation of SAMs on readily oxidized 
FM materials yield less well-packed and stable monolayers which presents challenges 
compared to functionalization of noble metal surfaces.100 However, lack of experimental 
capabilities to measure absolute spin orientation of electrons explicitly under ambient 
conditions in typical experimental setups described above necessitates a laboratory-defined 
axis to assemble and to orient chiral molecules. Measurement and analysis of spin 
polarization effects attributed to the CISS effect without tethering molecules on planar 
substrates will circumvent these experimental difficulties and will bring us closer to 
understanding the role of electron spin in biologically-relevant systems, e.g. in charge 
transfer processes within membrane-embedded proteins and peptides. 
There are some agreements between experimental results and theoretical 
predictions. First, the approximately linear dependence of the degree of spin polarization on 
the length of molecular helices including DNA and -helical peptides that have been 
observed in many experimental systems is supported by theoretical models. Indeed, this 
behavior has been identified in both over-the-barrier photoelectron transmission and within 
conduction regimes.17,65,69,74,94 
Second, the inverse relationship between radius to pitch ratio of a molecular helix and 
spin polarization has been demonstrated by magnetic conductive probe AFM with -helical 
peptides, in agreement with theory. In these experiments, a FM AFM probe tip was used to 
apply increasing force to compress -helical peptides assembled on Au substrates and the 
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current was measured as a function of bias between the tip and sample (Figure I.15a).74 
While the current increased with applied force, the spin polarization (the difference in 
current measured with the tip magnetized up vs down divided by the sum of these values) 
decreased. To test the interpretation of these results, additional experiments should be 
conducted. Electrochemical measurements to study spin dependence in DNA-mediated 
charge transport with right-handed A-DNA vs B-DNA, which contain different pitches, radii, 
and rise distances between bases, may provide additional insight into the relationship 
between molecular geometry and spin polarization.  
However, while significant effort has been directed toward developing theoretical 
frameworks, these models also fail to explain many observations. These observations 
include the varying quantitative values of electron polarization, the spin-dependent charge 
polarization and magnetization effects due to proximity of chiral species,101 and the 
inconsistencies in polarization direction for electrons transmitted through chiral molecules 
across various experimental systems.  
Many other mechanistic questions remain unanswered. In photoelectron 
transmission through films of chiral molecules, what is the kinetic energy dependence of spin 
selectivity? Rosenberg et al. demonstrated using X-ray photoelectron spectroscopy from 
synchrotron radiation sources that photoelectrons ejected from Au core levels in dsDNA 
monolayer-functionalized Au with kinetic energies between 30 and 760 eV showed no 
dichroism upon excitation with left- vs right-handed circularly polarized light.96 That is, the 
DNA films were unable to attenuate the transmission of electrons selectively with one spin 
vs another that were preferentially ejected using circularly polarized light.  
 33 
Yet, Rosenberg et al. subsequently reported a higher quantum yield of dissociation 
for (S)- vs (R)-epichlorohydrin adsorbed on double-stranded DNA SAMs on gold substrates 
using photoelectrons produced using photon energies of 950 eV an 740 eV.68 The 
enantioselective dissociations suggest the production of spin-polarized electrons due to spin 
filtering by the DNA films. However, the kinetic energy distribution of electrons with positive 
or negative helicity remains unclear. 
 In addition, while the parameters that influence DNA conductivity have been 
elucidated (without considering electron helicity),102,103 the role of base sequence, guanine 
(G) and cytosine (C) content, DNA conformation and rigidity, and solvent on spin-dependent 
charge transfer through DNA duplexes have yet to be investigated experimentally. Further 
investigation into these molecular and environmental factors may provide insight into the 
experimental discrepancies observed; the modularity of DNA makes it an ideal system by 
which to test such parameters.  
In particular, an interesting direction to pursue would be the comparison of the 
magnitude and polarization direction of spin-dependent DNA-mediated charge transport 
between duplexes containing alternating d(-GCGC-)n vs stacked d(-GGGG-)n base 
sequences.104 Charge transport within DNA helices composed of these two sequences are 
characterized by incoherent hopping and coherent tunneling, respectively. Understanding 
how the efficiency of spin filtering affects charge transmission through chiral electrostatic 
potentials in these different regimes may be pertinent to the design and synthesis of organic 
molecule candidates for next generation spintronics devices.19-21 
Ultimately, with the help of advanced theoretical models, elucidating these 
phenomena would benefit from systematically designed experiments in which the 
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characterization of spin selectivity for a particular system includes an assessment of the 
efficiency and reproducibility, and thus the viability, of a chiral molecule or assembly as a 
spin filter. Including data using both enantiomers is also desirable where applicable. 
Objectively evaluating these criteria, and subjecting measurements to proper statistical 
analyses to compare an experiment’s figure of merit between measurement conditions 
(i.e., magnetic field orientations when magnetizing FM substrates functionalized with chiral 
molecules) is essential.  
 
I.E. Thesis Organization 
In Chapter II, I describe our group’s first published research in this field: the investigation of 
spin selectivity in DNA-mediated charge transfer using fluorescence microscopy to visualize 
indirectly spin-dependent charge transfer between organic dyes incorporated within 
double-stranded DNA and underlying FM substrates.98 A hallmark of this work is the use of 
surface-patterned DNA microarrays that provide background measurements in every 
fluorescence image, enabling accurate determination of substrate magnetization-dependent 
emission. Moreover, the use of mathematical image segmentation algorithms developed by 
our group maximizes the quantity of data used in calculating relative fluorescence intensities 
and eliminates user bias when extracting quantitative information from images. Our robust 
analytical framework enables us to distinguish small, yet statistically significant, differences 
in relative fluorescence intensities. Thus, our methods are expected to also be of particular 
interest across disciplines in the discernment of minute differences in image processing and 
analysis. 
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 In Chapter III, I detail the results of experiments to measure spin-dependent energy 
barriers to photoemission through chiral molecular films of left- and right-handed -helical 
peptides, and of the protein, bovine serum albumin, which is composed of multiple -helical 
subunits, assembled on FM substrates.99 Calculated substrate magnetization-dependent 
differences in the work function (ionization energy) of the surfaces functionalized with chiral 
molecules, and therefore the energy barriers to photoemission, are of reasonable orders of 
magnitude considering the core atomic electric field strengths thought to influence spin-
selectivity through spin-orbit coupling interactions. Further, while the spin polarization of 
photoelectrons transmitted through chiral molecule assemblies may be explicitly measured 
using specialized experimental methods (i.e., the use of a Mott polarimeter), these 
experiments establish figures of merit to measure spin selectivity that can be assessed more 
easily by other research groups and compared with varying molecular systems. 
 In Chapter IV, I conclude and provide an outlook on possible biological implications 
and future applications of the spin-filtering capability of chiral molecules for next-generation 
spintronics applications. In addition, I describe how discoveries in this emerging field will 
lead to broader impacts across disciplines. These advances include understanding the roles 
of spin in enantioselective interactions between molecules which will enable the 
development of more efficient enantioselective separation strategies, chiral-selective 
electrochemical syntheses, and electrochemical reactions such as photo-catalytic water 
splitting for energy storage.   
 Finally, prior to immersing myself in the field of organic spintronics, my initial 
graduate studies expanded on work previously established by our group on the role of 
intermolecular and molecule-substrate interactions on photoswitching efficiencies of 
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azobenzene and dihydroazulene molecules tethered to Au surfaces.105-108 I probed the 
isomerization of these molecules at the single-molecule and ensemble levels via scanning 
tunneling microscopy and surface-enhanced Raman spectroscopy, respectively. In the 
Appendix, I included a literature review on the state of the field (as of 2015) of molecular 
switches, rotors, motors, and machines.109 I elaborate on the need for hierarchical 
organization of these molecules in one-, two-, and three-dimensions to perform work at the 
macroscale. This Review was my contribution to the fascinating and creative field of 
molecular machines prior to beginning the research that has become the subject of my 
dissertation. 
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II.A. Introduction  
Understanding how interfacial parameters beyond molecule chirality affect electron 
transmission and the strength of the CISS effect at chiral molecule–metal interfaces is critical 
for interpreting results from experiments designed to study this phenomenon. As discussed 
in Chapter I, in many experimental methods, chiral molecules have been assembled on FM 
surfaces or probed in conductive AFM measurements with FM tips to study the external 
magnetic field dependence of charge-transfer processes based on substrate or tip 
magnetization orientation. While this effect has been measured in diverse systems, the 
preferred substrate or tip magnetization direction (field up or field down) for more efficient 
charge transfer through dsDNA or α-helical peptides with the same handedness has not been 
consistently reported. 
For example, using conductive AFM, Xie et al. investigated conduction through dsDNA 
molecules assembled on Ni substrates.1 Thiolated, ssDNA monolayers were first assembled 
and then incubated with complementary sequences tethered to gold nanoparticles to form a 
top electrode contact. Higher conductance through the Ni-DNA-Au nanoparticle-
(nonferromagnetic) tip junctions was measured when an external magnetic field and the 
substrate magnetization were oriented antiparallel to the surface normal. By contrast, 
Zwang et al. designed electrochemical experiments using intercalating redox reporters 
within dsDNA assembled on Au-capped Ni substrates to measure the effects of an external 
magnetic field on charge transfer through duplexes.2 Using cyclic voltammetry, more 
efficient DNA-mediated charge transfer was measured in right-handed DNA duplexes when 
the underlying substrate was magnetized parallel to the surface normal. 
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Differences in the findings of these and other studies3,4 may be attributed to system-
dependent factors. For example, variable barriers to charge transport across metal–molecule 
interfaces favor transmission of majority vs minority spin electrons in FM metal tips or thin 
films.5 Strong dipole electric fields can also influence the affinity of helices for particular 
electron spin orientations.6,7 Moreover, tip or substrate magnetization-dependent 
differences in charge injection at interfaces due to the CISS effect may be fairly small 
compared to measurement variability under ambient temperature and pressure conditions, 
presenting a challenge to determining conclusively whether charge transmission is 
enhanced or suppressed. 
To address the latter, we designed experiments with precisely patterned 
microenvironments to validate each sample preparation step and the measurements and to 
quantify large amounts of data using a robust mathematical framework. We used DNA SAMs 
modified with fluorescent dyes that were precisely patterned at the microscale onto FM 
multilayer substrates. Substrates were specifically designed to possess perpendicular 
magnetic anisotropy, ensuring saturation of spin-polarized electrons aligned parallel or 
antiparallel to the axis of nominally vertically oriented DNA molecules using modest external 
magnetic fields. Patterned arrays enabled quantification of relative fluorescence intensities 
providing an internal control for each measurement when conducting fluorescence 
microscopy as an indirect method to monitor the spin-filtering phenomenon. On FM 
substrates, fluorescence quenching of photoexcited dye molecules was controlled with an 
external magnetic field to polarize spins within the metal due to competitive relaxation of 
chromophores leading to charge transfer to the surface. While tethered dsDNA is expected 
to act as an electron spin filter invariant with respect to the presence or orientation of an 
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external magnetic field, the efficiency of charge injection into a FM material is dependent on 
the populations of electrons and spin orientations within the majority and minority spin 
subbands. 
 
II.B. Perylenediimide Dyes Assemble Noncovalently within Double-Stranded DNA 
Containing Hydrophobic Pockets 
Electron or hole donors must be well-coupled to DNA base stacks for efficient charge 
injection because charge transport within DNA is mediated by π-stacking of the nucleic acid 
bases.8,9 We synthesized a water-soluble, photooxidizing perylenediimide derivative, N,N′-
bis[3,3′-(dimethylamino)propylamine]-3,4,9,10-perylenetetracarboxylic diimide (PDI), 
which π-stacks with nitrogenous base pairs above and below the conjugated plane of the dye 
molecules. The PDI molecules assemble specifically within hydrophobic pockets created by 
matching abasic sites in duplex DNA molecules using noncovalent host–guest chemistry 
(Figure II.1a).10 Compared to intercalating dyes that bind indiscriminately within base 
stacks, using PDI enabled precise control over the number of base pairs between dye 
molecules and metal surfaces without covalently tethering dye molecules to sugar-
phosphate backbones of DNA. By ensuring that PDI binds in the same location in each DNA 
molecule, we avoided the need to consider length dependence in spin-selective charge 
transmission through DNA as a variable.1,2,11 
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Figure II.1. (a) Chemical structures of the DNA-assembling dye N,N′-bis[3,3′-
(dimethylamino)propylamine]-3,4,9,10-perylenetetracarboxylic diimide (PDI) and the 
hydrophobic pocket created in double-stranded DNA upon annealing complementary 
oligonucleotide strands each containing a deoxyribose spacer, i.e., abasic site. (b) Representative 
excitation and emission spectra of PDI in a 1:1 ratio (30 μM) with double- stranded DNA with 
(1dS) or without (0dS) deoxyribose spacers. Excitation was at 475 nm, and emission was at 620 
nm. (c) Schematic of a mixed monolayer of 11-mercapto-1-undecanol (MCU) and double-stranded 
DNA with associated PDI self-assembled on a gold-capped multilayer ferromagnetic substrate 
having perpendicular magnetic anisotropy. Layers and thicknesses are indicated in the figure (in 
nm). (d) Schematic of DNA patterning on gold-capped ferromagnetic substrates and a 
representative microscopy image showing the fluorescent pattern due to emission from PDI 
molecules associated with DNA (excitation wavelength: 550 ± 25 nm; emission wavelength: 605 
± 70 nm; exposure time: 8 s). Scale bar: 200 μm. A three-dimensional representation of 
fluorescence intensities from a 200 μm × 200 μm region of the surface is displayed below 
corresponding to the contrast-enhanced region shown in the top right corner of the black and 
white image. PDMS: polydimethylsiloxane, SAM: self-assembled monolayer, CLL: chemical lift-off 
lithography. 
 51 
Photooxidation by perylenediimides has been exploited to study charge-transfer 
processes through DNA by tuning the base sequences surrounding the dye molecules.12-15 
However, fluorescence quenching, when incorporated within DNA, suggests that this class of 
molecules is ill-suited as emissive probes without substitution of electron-donating groups 
at bay positions in the perylene core.16-20 The low emission yields of perylenediimide 
derivatives in DNA conjugates are a direct result of strong coupling of photooxidizing dyes 
with nucleobases due to π-stacking of the aromatic perylene core with bases above and 
below the plane of the molecule. Consequently, the perylenediimide derivatives synthesized 
here are excellent candidates for probing spin-selective charge transmission through DNA 
by monitoring their (albeit low) fluorescence indirectly as a figure of merit. The DNA 
sequences were carefully selected to minimize nonradiative charge recombination 
pathways, while still enabling competitive charge injection into the base stack upon 
photoexcitation (vide infra). 
Excitation and emission spectra of PDI in phosphate-buffered saline (PBS) solutions 
in a 1:1 ratio with dsDNA molecules containing a single hydrophobic pocket (1dS) are shown 
in Figure II.1b. The maxima in both spectra are red-shifted by ca. 12 nm from the excitation 
and emission spectra of PDI alone in PBS (Figure SII.1), which is indicative of electronic 
coupling due to π-stacking with adjacent bases within DNA abasic sites. In contrast, PDI 
mixed with a 1:1 ratio of dsDNA of the same length and sequence but lacking hydrophobic 
pockets (0dS) displayed minimal excitation and emission intensities due to aggregation-
induced quenching, which supports the necessity for abasic sites in DNA for specific dye-
molecule binding (Figure II.1b).21  
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Complementary 36-mer oligonucleotide strands containing matching abasic sites 
(deoxyribose spacers, dSp) were annealed in a 5:1 molar ratio with PDI prior to surface 
assembly. Because dye molecules are not covalently attached to DNA, using an excess of DNA 
minimizes the presence of free and nonspecifically bound PDI, which might convolute 
fluorescence signals from PDI specifically bound within DNA hydrophobic pockets. 
Complementary sequences were (1) 5′-CGC TTC GCT TCG CTT CGC TTC GCT TCG CTT 
TT/dSp/TTT T-3′ and (2) 5′-AAA A/dSp/A AAA GCG AAG CGA AGC GAA GCG AAG CGA AGC 
G-3′. Sequence (1) was functionalized with a thiol separated from the 5′-end of the sugar 
phosphate backbone by six methylene units to enable DNA self-assembly on metal surfaces. 
Adoption of the right-handed B-form of the annealed DNA/PDI complexes prior to surface 
assembly was confirmed by circular dichroism spectroscopy (Figure SII.2).  
 
II.C. Spin Selectivity in DNA-Mediated Charge Transfer Is Measured Indirectly via 
Fluorescence Microscopy 
Substrates were soft FM multilayer thin-films composed of Ta 3/Pt 2/[Co 0.5/Pt 0.3]3/Co 
0.5/Au 1 layers (in nm) sputter-deposited on Si/SiO2 (Figure II.1c). These substrates possess 
perpendicular magnetic anisotropy. Their design, fabrication, and use in investigating the 
CISS effect in oligopeptide SAMs have been described previously.22 Briefly, Co and Pt orbital 
hybridization in [Co/Pt] multilayers is one of the most common sources to realize 
perpendicular magnetic anisotropy.23 Here, substrates were optimized to reduce Pt layer 
thicknesses to minimize depolarization of electron currents due to strong spin–orbit 
coupling in Pt. The thin capping layer of Au maintains the spin polarization from the Co layer 
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and enables the assembly of SAMs of thiolated molecules due to strong Au–S bond formation, 
while protecting the underlying substrate from corrosion and oxidation in PBS solutions. 
Patterning SAMs of DNA/PDI complexes on FM substrates ensures background 
reference regions for every observation. We previously developed and investigated 
insertion-directed chemistries within alkanethiol and related SAMs,24-29 and demonstrated 
the use of chemical patterning with fluorophore-labeled targets to quantify emission 
intensities, relative to background reference regions, via fluorescence microscopy.30 We 
developed chemical lift-off lithography (CLL),31-34 a subtractive patterning method, which 
has been shown to improve DNA hybridization efficiencies, while optimizing DNA surface 
coverage.35 Briefly, in CLL, high-resolution patterned features are fabricated via silicone 
rubber stamps activated by oxygen plasma to remove hydroxyl-terminated alkanethiols 
from SAMs on Au surfaces within the contact regions.36 
There are two key advantages of CLL when patterning DNA on substrates. First, in the 
stamp-contact areas that are lifted off, not all alkanethiolate molecules are removed.35 The 
remaining molecules serve as a dilute matrix to space out and to orient subsequently 
inserted molecules, which reduces the probability of DNA molecules laying down on 
surfaces. Compared to methods that require assembling DNA first and subsequently 
backfilling with short, water-soluble alkanethiols, CLL enables longer background molecules, 
such as 11-mercapto-1-undecanol (MCU), to be used as matrix molecules further enabling 
upright DNA orientations at surfaces while minimizing nonspecific DNA–substrate 
interactions. Second, sharper pattern boundaries are possible with CLL compared to 
alternative patterning strategies,37 which is advantageous for image analysis due to the low 
fluorescence yield of PDI molecules specifically bound within DNA. In this work, we 
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patterned preannealed DNA/PDI complexes in 25 μm × 25 μm arrays on FM substrates 
(Figure II.1d). The regions of contrast provided by chemical patterning differentiating areas 
where DNA/PDI complexes are assembled vs background (unpatterned) regions enabled 
validation of self-assembly on each surface and differentiation of fluorescent signals 
specifically from PDI molecules incorporated in DNA vs PDI nonspecifically associated with 
the background matrix. 
We conducted multiple experiments to confirm assembly of DNA/PDI complexes on 
substrates and to ensure that fluorescence was attributable to PDI molecules bound within 
the hydrophobic pockets of DNA. When DNA molecules containing abasic sites were 
annealed and assembled on substrates in the absence of PDI, neither patterns nor contrast 
were observed in fluorescence images (Figure SII.3). We similarly observed no fluorescence 
when complementary DNA strands lacking abasic sites or thiolated ssDNA molecules 
(sequence 1, above) were incubated with PDI molecules and assembled on surfaces 
(Figure SII.3). 
For spin-selective measurements, an external magnetic field was applied by placing 
an axially polarized permanent magnet directly beneath substrates. A magnetic field of 
ca. 0.3 T in each direction normal to the sample substrate layers was measured at sample 
surfaces, which was sufficient to saturate the perpendicular magnetization of the FM 
substrates. Figure II.2a shows representative fluorescence images from the same region of a 
sample patterned with DNA/PDI complexes obtained with the external magnetic field 
oriented either parallel to (field up) or antiparallel to (field down) the surface normal. 
Fluorescence microscopy images were obtained for both external magnetic field orientations 
under two additional experimental conditions. In the first, patterned DNA monolayers were 
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formed in an identical manner on non-ferromagnetic, 100-nm-thick Au films deposited on Si 
substrates to test the influence of the external magnetic field (Figure II.2b). In the second, 
identical dsDNA sequences sans abasic sites but modified with cyanine fluorescent probes 
(Cy3) were assembled on FM substrates to test the necessity for charge transfer to the 
underlying substrate for observing the CISS effect as well as the significance of dye coupling 
to the DNA base stack for efficient charge transfer (Figure II.2c). The Cy3 probes were 
covalently attached to the 5′ ends of the DNA sugar phosphate backbones of the nonthiolated 
complementary DNA strands via three methylene units. 
Relative fluorescence was quantified in the patterned (DNA/dye complexes) vs 
unpatterned regions (MCU only) for multiple images taken from all substrates in the three 
experimental conditions illustrated in Figure II.2a–c. Images were analyzed using a region-
based segmentation algorithm based on the Chan–Vese model.38,39 This method partitions 
images into foreground (patterned) and background (unpatterned) regions, while detecting 
and excluding artifacts and illumination bias that skew segmentation. Image analysis by this 
method maximizes the quantity of data used in calculating pixel intensities for each image 
and removes bias in drawing line profiles (regions of interest) to extract quantitative 
information. 
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Figure II.2. Analyzing spin selectivity in DNA-mediated charge transport using fluorescence 
microscopy. (a) Schematic and representative fluorescence microscopy images of DNA/N,N′-
bis[3,3′-(dimethylamino)propylamine]-3,4,9,10-perylenetetracarboxylic diimide (PDI) 
complexes assembled on ferromagnetic (FM) substrates with an external magnetic field applied 
parallel to (up) or antiparallel to (down) the surface normal. Schematics and representative 
fluorescence microscopy images of (b) DNA/PDI complexes assembled on nonferromagnetic Au 
substrates and (c) DNA/Cy3 complexes assembled on ferromagnetic substrates. (d) Segmented 
images of the fluorescence images shown in (a) illustrating patterned (white) and unpatterned 
(black) regions. Histograms of pixel intensities of the patterned and unpatterned regions from the 
segmented images with Gaussian fitting (mean values indicated by x̅) Mean fluorescence 
intensities relative to the unpatterned regions from the representative DNA/PDI on FM sample (N 
= 9 images field up, N = 9 images field down, ***P < 0.001). (e) Normalized relative fluorescence 
intensities for each of the three experimental conditions illustrated in (a−c) (N = 22 samples for 
each condition, **P < 0.01 vs field down, ns is not significant). Error bars represent standard errors 
of the means. The fluorescence microscopy images in (a−c) are contrast-enhanced for display 
purposes. In all images, scale bars are 100 μm, excitation wavelength: 550 ± 25 nm, emission 
wavelength: 605 ± 70 nm, and exposure time: 5 s.   
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An example of segmentation and quantification of relative fluorescence intensities of 
the images in Figure II.2a is shown in Figure II.2d. Histograms of pixel intensities from the 
patterned and unpatterned regions of the segmented images were created, and the data were 
fit to Gaussian distributions to obtain the mean values, x̅patterned and x̅unpatterned. Each substrate 
was repeatedly imaged under field-up vs field-down conditions. Mean relative fluorescence 
intensities of the patterned and unpatterned regions (obtained by normalizing x̅patterned and 
x̅unpatterned to x̅unpatterned and reported in relative fluorescence units, RFU) for each substrate 
were then calculated (Figure II.2d, bar graphs). Mean intensities of the patterned regions 
were significantly greater than those in the unpatterned regions for both field orientations 
for all samples for DNA/PDI complexes on FM substrates (***P < 0.001). 
Relative fluorescence intensities of the patterned regions (x̅patterned/x̅unpatterned) for 
field-up vs field-down measurements from each substrate were further normalized to the 
overall average value due to large differences in relative fluorescence intensities across 
substrates relative to between magnetic field orientations from identical substrates 
(Figure II.2e and Figure SII.4). Two-way analysis of variance showed a significant interaction 
between field orientation and dye/substrate condition for normalized relative fluorescence 
intensities [F(2,126) = 4.64, P < 0.05]. This finding indicates that the ability of field 
orientation to influence fluorescence intensities depended on the dye/substrate condition, 
i.e., with vs without FM layers (Figure II.2a,b), and PDI vs Cy3 (Figure II.2a,c). Post hoc 
analysis revealed that relative fluorescence intensities were significantly higher when the 
external magnetic field and substrate magnetization were oriented parallel to the surface 
normal compared to the opposite orientation only for PDI molecules assembled within DNA 
on ferromagnetic substrates (Figure II.2e, **P < 0.01). 
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No significant differences in relative fluorescence intensities were observed between 
field-up and field-down orientations for DNA/PDI complexes assembled on 
nonferromagnetic Au substrates (Figure II.2e), consistent with other reports on the CISS 
effect using analogously designed experiments.1,2 These results support the idea that the 
spin-valve-like combination of a chiral SAM, which mediates charge transfer to a surface, and 
perpendicularly magnetized substrates are responsible for the magnetic-field dependence 
of the fluorescence generated by PDI molecules—not simply the external magnetic field. 
Furthermore, no significant differences in magnetic field-dependent relative fluorescence 
intensities were observed when DNA/Cy3 complexes were assembled on FM substrates 
(Figure II.2e). Cyanine dyes tethered to the ends of double-stranded DNA can adopt planar 
configurations that cap the base stack due to π-stacking with DNA bases.40 However, unlike 
the strong coupling of the highly electron-deficient, unsubstituted perylene core of PDI to 
adjacent adenine bases, which facilitates rapid charge separation upon photoexcitation 
(vide infra), charge transfer in cyanine dyes is not thermodynamically favorable.41,42 Thus, 
the DNA/Cy3 complexes exhibited enhanced fluorescence intensities but no significant 
magnetic field dependence of fluorescence intensity due to the reduced efficiency of charge 
injection into the π-stack. 
 
II.D. Photoelectrochemical Measurements Confirm DNA-Mediated Charge Transfer 
Between PDI Molecules and Metal Substrates 
Photoelectrochemical experiments were carried out to validate the assumption that charge 
transfer between the PDI molecules associated with DNA and metal substrates occurs upon 
photoexcitation and to determine the direction of electron or hole transfer based on the 
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generation of positive or negative photovoltages. Previous studies on charge separation and 
recombination following photoexcitation of perylenediimide derivatives associated with 
DNA duplexes or hairpins using transient absorption spectroscopy demonstrated that the 
rates of different relaxation pathways are dependent on DNA sequences.12-14,43,44 Here, PDI 
molecules were separated from the nearest G by four adenine (A) bases, thereby preventing 
hole trapping at guanines and subsequent regeneration of the ground state via 
superexchange, which reduces the possibility of radiative relaxation.12 Following 
photoexcitation to the singlet excited state, (A)4-1*PDI-(A)4-G, rapid charge separation via 
hole injection from the dye into the adjacent 5′ (kCS1) or 3′ (kCS2) adenine tracts of 
sequence (2) results in the formation of a polaron delocalized over 3–4 adenine bases, 
represented in Figure II.3a as (A)4+•-PDI–•-(A)4-G or (A)4-PDI–•-(A)4+•-G, respectively.45 
Repopulation of the ground state (A)4-PDI-(A)4-G occurs through nonradiative charge 
recombination (CR) (kCR3 and kCR4) of the radical ion pairs or by regeneration of 
(A)4-1*PDI-(A)4-G (kCR1 and kCR2) followed by stimulated emission (kSE).12 Competing 
relaxation pathways are illustrated in Figure II.3a. 
When DNA/PDI complexes are coupled to a metal substrate, the long-lived charge-
separated states allow electron–hole pair migration to the metal surfaces (kCT1) via DNA- 
mediated charge transfer through the π-stack.43,44 Photoelectrochemical measurements 
provided evidence for charge transfer between PDI and the underlying metal surface in pure 
DNA/PDI SAMs on FM and nonferromagnetic Au substrates (Figure II.3b). A negative, 
steady-state photovoltage was detected upon illumination for either type of substrate at 
532 nm under open-circuit voltage conditions. The anodic photovoltage is indicative of 
increasing the electron potential due to electron transfer from DNA to the substrates. These 
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experiments were performed in deoxygenated PBS in the absence of electron or hole 
scavengers. Therefore, we attribute the buildup of negative charge at substrates to lower 
back-transfer rates of electrons (kCT2) to neutralize PDI molecules. 
 
 
On FM or nonferromagnetic Au substrates, negligible changes in photovoltages were 
measured when DNA molecules that contain abasic sites were annealed and assembled on 
substrates in the absence of PDI, when complementary DNA strands lacking abasic sites were 
annealed and assembled in the presence of PDI, or when thiolated ssDNA molecules 
incubated with PDI were assembled on FM or nonferromagnetic Au substrates (Figure SII.5). 
Figure II.3. (a) Schematic of relaxation pathways following photo- excitation of N,N′-bis[3,3′-
(dimethylamino)propylamine] 3,4,9,10-perylenetetracarboxylic diimide (PDI) associated within 
abasic sites in DNA, where kCSn, kCRn, and kCTn describe the rates of charge separation, 
recombination, and transfer to/from the underlying nonferromagnetic Au or ferromagnetic Au 
substrates, respectively. The rate of stimulated emission is described by kSE. Roman numerals 
represent the ground and excited states of DNA/PDI complexes and are described further in the 
text. (b) Representative baseline-subtracted photovoltage measurements under open-circuit 
conditions in deoxygenated PBS obtained by irradiating DNA/PDI complexes assembled on 
ferromagnetic substrates (top), DNA/PDI complexes on nonferromagnetic Au substrates 
(middle), and DNA/ Cy3 complexes on ferromagnetic substrates (bottom) with 532 nm 
illumination at 20 s intervals. 
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The photoelectrochemical findings for pure DNA/PDI SAMs agree with the positive, anodic 
photocurrents generated in experiments by Yamana and co-workers with PDI molecules 
associated with dsDNA containing abasic sites on Au substrates.43,44 In our experiments, 
negligible changes in photovoltages were generated on FM substrates functionalized with 
pure DNA/Cy3 SAMs (Figure II.3b). These results are consistent with our hypothesis that 
Cy3 chromophores do not facilitate efficient charge injection into the π-stacks of DNA 
duplexes (Figure II.2e). 
Based on the magnetic field dependence of fluorescence contrast on FM substrates, 
we hypothesized that a substrate magnetization dependence would also occur in 
photoelectrochemical measurements. However, we did not definitively observe the CISS 
effect based on relative photocurrent/voltage magnitudes under opposite magnetic field 
conditions due to the high variability across substrates. Detectable differences in relative 
fluorescence intensities under opposite substrate magnetization orientations for DNA/PDI 
complexes on FM substrates (Figure II.2d,e) were enabled by background subtraction using 
the unpatterned SAM regions for each substrate and the large amounts of information 
gathered for each fluorescence image using segmented image analysis. 
 
II.E. Discussion 
Within polarized substrates, there are unequal distributions of electrons having magnetic 
dipole moments aligned parallel or antiparallel to the external magnetic field; electronic 
bands are split into majority and minority subbands, respectively. Because magnetic dipole 
moments lie opposite to the spin angular momentum of each electron, the spin direction lies 
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antiparallel to the external magnetic field direction for electrons in the majority subband and 
parallel to the field for electrons in the minority subband (Figure II.4). 
 
 
The observation of an increase in emission quenching and lower fluorescence 
intensity when the magnetic field is down suggests that DNA-mediated charge transfer and 
 
 
Figure II.4. Schematic depicting external magnetic field-dependent fluorescence of intercalated 
N,N′-bis[3,3′-(dimethylamino)-propylamine]-3,4,9,10-perylenetetracarboxylic diimide (PDI) 
molecules due to chiral-induced spin selectivity by helical DNA molecules. Fluorescence 
quenching as a result of DNA-mediated charge transfer to the underlying substrate is suppressed 
or enhanced when the ferromagnetic substrate is magnetized parallel (left) or antiparallel (right) 
to the surface normal, respectively. Purple arrows represent electron-spin orientation, μ 
represents the direction of the magnetic dipole moment of electrons, and EF indicates the Fermi 
level of the metal substrate. 
 63 
injection into metal substrates is more efficient under this field orientation, 
i.e., (kCT1, kCT2)↓ > (kCT1, kCT2)↑. In Co/Pt multilayer substrates, the minority subbands are 
expected to have higher densities of unoccupied states above the Fermi level than the 
majority subband,46 which makes the population of electrons transferred to the substrate 
more favorable when the spin of injected electrons is aligned with carriers in the minority 
subbands. Therefore, while the absolute spin orientation in the laboratory-defined axis 
cannot be directly measured, we infer that bound electrons, with their helicity or spin 
projections on the DNA helical axis aligned parallel to their motion, are preferentially 
transmitted through right-handed DNA duplexes in the charge-transport regime, consistent 
with theoretical predictions.47 
While the relative fluorescence intensities of DNA/PDI complexes on FM substrates 
were significantly different between opposite substrate magnetization orientations, the 
absolute magnitude of the difference in our figure of merit was notably smaller than 
differences reported in other investigations of the CISS effect in double-stranded DNA. 
Göhler et al. reported spin polarizations as high as ca. −60% by dehydrated 78-mer dsDNA 
SAMs on Au substrates by measuring the spin of transmitted photoelectrons using a Mott 
polarimeter.11 However, these results may not be directly comparable to our measurements 
due to possibly different mechanisms responsible for negative and positive spin polarization 
that result from multiple scattering events in photoemission vs hopping or tunneling along 
the extended π-stack of the DNA interior.48-54 In the charge-transport regime of bound 
electrons confined to the helical molecules, the magnitudes of the relative barriers to 
transmission of electrons with helicity parallel vs antiparallel to velocity within dsDNA may 
depend on the effective potential difference across the molecules.7 Indeed, in the conductive 
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AFM measurements performed by Xie et al., the differences in average current measured 
when the underlying Ni substrates were magnetized up vs down increased as the electric 
potential between the tip and substrate was increased from 0 V to ±3 V.1 In those 
measurements, minimal differences in the average current measured through individual 
Ni-DNA-Au nanoparticle-(nonferromagnetic) tip junctions were observed below ∼1 nA 
(at ca. ± 0.5 V). For comparison, in our work, substantially lower photocurrent densities of 
∼3–4 nA/cm2 for pure SAMs of DNA/PDI complexes on FM substrates were measured under 
open-circuit conditions (Figure SII.6). Moreover, the differences in the magnitude of the spin 
filtering effect observed between our work and that of Xie et al. may also arise from 
structural differences in the equilibrium conformation of dsDNA and variation in possible 
conduction mechanisms along the duplex that accompany dehydration.9 
Using electrochemical techniques to probe spin selectivity in DNA-mediated charge 
transfer in hydrated DNA SAMs, Zwang et al. reported changes in the integrated reduction 
peaks of 15 ± 1% for MB+ and 12 ± 2% for Nile blue using ferromagnetic electrodes modified 
with 30-mer and 29-mer double-stranded DNA, respectively.2 Comparatively, it is possible 
that observation of the CISS effect using the photoelectrochemical system described herein 
is hindered by the high relative rates of charge recombination within DNA/PDI complexes vs 
the rate of charge transfer to the metal surface. While the rate constants for charge 
separation and recombination within DNA/PDI complexes (kCS1,2 and kCR1,2,3,4, Figure II.3a) 
are on the order of 1010 s−1, the electron transfer rates between redox reporters within DNA 
assembled via thiolated tethers on Au substrates are orders of magnitude smaller.12,55 The 
latter rates decrease exponentially with increasing numbers of methylene units that 
commonly comprise the thiolated tethers attached to DNA sugar-phosphate backbones, 
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which demonstrates limitations of charge-transfer rates on tunneling through alkanethiol 
bridges.24,55-57 Alternative tethering strategies resulting in stronger coupling between DNA 
π-stacks and underlying substrates, such as by direct covalent substrate attachment to 
nucleic acid bases, may be beneficial in probing additional parameters influencing spin-
selective transport through DNA. 
In summary, we have demonstrated and applied a technique to investigate and to 
quantify the chiral-induced spin selectivity effect in patterned DNA SAMs that contain 
noncovalently tethered perylenediimide chromophores. Emission was observed to depend 
on external magnetic field orientation only when DNA/dye complexes were assembled on 
FM substrates and photooxidizing chromophores were well coupled to the DNA base stack 
to enable charge injection and subsequent transfer to surfaces. Under these conditions, 
fluorescence intensities associated with opposite magnetic field orientations were 
significantly different. Importantly, our results suggest that differences in DNA-mediated 
charge transport associated with field orientation are modest compared to substrate-to-
substrate variations. Thus, investigating large numbers of substrates, conducting statistically 
relevant numbers of measurements, and using patterned image analysis are necessary to 
determine which substrate magnetization direction favors polarized charge injection at 
molecule–metal interfaces. 
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II.F. Materials and Methods 
II.F.1. Materials 
Perylene-3,4,9,10-tetracarboxylic dianhydride, 3-(dimethylamino)propylamine, 11-
mercapto-1-undecanol (MCU), magnesium chloride, sodium chloride, potassium chloride, 
0.01 M phosphate-buffered saline, (PBS, [NaCl] = 138 mM, [KCl] = 2.7 mM, pH 7.4), tris-EDTA 
buffer (with 50 mM NaCl, pH 8.0), DL-dithiothreitol, and illustra NAP-5 size-exclusion gravity 
columns were purchased from Sigma-Aldrich (St. Louis, MO, USA). Absolute ethanol was 
from Decon Laboratories, Inc. (King of Prussia, PA, USA). Deionized water (∼18 MΩ) was 
obtained from a Millipore water purifier (Billerica, MA, USA). Hydrochloric acid, sodium 
hydroxide, and 1-butanol were purchased from Thermo Fisher Scientific (Waltham, MA, 
USA). The SYLGARD 184 silicone elastomer base and curing agent were purchased from 
Ellsworth Adhesives (Germantown, WI, USA). All DNA sequences (shown below) were 
purchased from Integrated DNA Technologies (IDT, HPLC-purified with a certificate of 
analysis via mass spectroscopy, Coralville, IA, USA).  
 
The following DNA sequences were used (5′ → 3′): 
(1) /5ThioMC6-D/CG CTT CGC TTC GCT TCG CTT CGC TTC GCT TTT/dSp/TT TT 
(2) AAA A/idSp/A AAA GCG AAG CGA AGC GAA GCG AAG CGA AGC G 
(3) /5ThioMC6-D/CG CTT CGC TTC GCT TCG CTT CGC TTC GCT TTT TTT T 
(4) AAA AAA AAG CGA AGC GAA GCG AAG CGA AGC GAA GCG 
(5) /5Cy3/AA AAA AAA GCG AAG CGA AGC GAA GCG AAG CGA AGC G 
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II.F.2. Substrate Fabrication and Surface Preparation 
Perpendicular magnetic thin films were fabricated on Si substrates with thermally oxidized 
SiO2 using a multicathode magnetron sputtering system with a base pressure of 
<3 × 10-8 Torr. The stacking structure of samples was Si/SiO2 substrate/Ta 3/Pt 2/[Co 0.5/Pt 
0.3]3/Co 0.5/Au 1 (layers in nm). The deposition temperature was fixed at room temperature 
in an Ar gas atmosphere. Vibrating sample magnetometry and SQUID magnetometry were 
used to characterize the films (Figure SII.7). Nonferromagnetic Au substrates were prepared 
by electron-beam evaporation (CHA Industries, SOLUTION, Fremont, CA, USA) onto Si 
wafers. Titanium was deposited as an adhesion layer (10 nm, 1 Å/s), followed by Au 
evaporation (100 nm, 2 Å/s) at a base pressure of 1.5 × 10–6 Torr. Before functionalizing 
substrates, both FM and nonferromagnetic Au substrates were cleaned by sonicating for 
10 min in ethanol and 10 min in water before being rinsed with water and blown dry. 
 
II.F.3. Synthesis of N,N′-Bis[3,3′-(dimethylamino)propylamine]-3,4,9,10-
perylenetetracarboxylic diimide (PDI) 
The synthetic procedure was modified from the literature (Figure SII.8).58 In a typical 
synthesis, 1.25 g of perylene-3,4,9,10-tetracarboxylic dianhydride and 3 mL of 
3-(dimethylamino)propylamine were combined in 100 mL of 1-butanol at room 
temperature in a 500 mL round-bottom flask. While stirring, the solution was heated to 90 °C 
for 12 h under reflux. The insoluble, crude product was isolated by vacuum filtration and 
washed thoroughly with water and ethanol. The washed product was then dissolved in 1 M 
HCl. The solution was vacuum filtered to remove insoluble impurities. The pH of the filtered 
aqueous solution was adjusted to ∼10 with 5% NaOH to precipitate the product, which was 
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isolated by filtration and washed thoroughly with water before vacuum drying. The purified 
product was characterized by mass spectrometry and 1H NMR (Figures SII.9 and SII.10). The 
isolated compound was stored in a sealed container at ambient temperature and pressure. 
 
II.F.4. DNA and DNA/N,N′-bis[3,3′-(dimethylamino)-propylamine]-3,4,9,10-perylene-
tetracarboxylic diimide (PDI) Complex Preparation and Annealing 
Desalted and lyophilized single-stranded oligonucleotides, as received from IDT, that 
contained disulfide tethers attached to 5′ ends were dispersed in 50 μL tris-EDTA buffer, pH 
8.0, and mixed with ∼30 mg of DL-dithiothreitol for at least 1 h to reduce the disulfide 
moieties to thiols. Oligonucleotides were then purified via gravity-flow size-exclusion 
chromatography using illustra NAP-5 columns. The eluent DNA concentrations were 
determined using UV absorption signatures (Thermo Scientific NanoDrop 2000 
spectrophotometer). Desalted and lyophilized single-stranded oligonucleotides, as received 
from IDT, that did not contain disulfide modifications were simply dispersed in tris-EDTA 
buffer, pH 8.0, without further purification and were diluted to specific concentrations as 
needed. 
Fresh stock solutions of 10 μM PDI in PBS were prepared before each experiment due 
to aggregation and irreversible precipitation of PDI in aqueous solutions after a few days. To 
promote dispersion in aqueous solution from the as-synthesized powder, ∼2 mg of PDI was 
first dissolved in a few milliliters of 10× PBS, pH 6.8, and subsequently diluted with water 
because the slightly acidic conditions favored protonation of terminal tertiary amines. To 
anneal oligonucleotides and to create double-stranded DNA/PDI complexes for surface 
assembly, complementary strands of stock DNA dispersed in tris-EDTA buffer, pH 8.0, were 
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combined in a 5:1 ratio for a final 5 μM DNA concentration and 1 μM of PDI in 1× PBS buffer. 
Solutions were bubbled with N2 and annealed using the following protocol: 95 °C for 10 min, 
85 °C for 10 min, 75 °C for 10 min, and 65 °C for 10 min, followed by slow cooling to room 
temperature using a programmable dry bath (ThermoFisher Scientific). The annealed and 
assembled DNA/PDI complexes were characterized via UV−vis spectroscopy (Figures SII.11, 
SII.12, and SII.13). 
An appropriate volume of 1 M MgCl2 was added before incubation on surfaces for a 
final 100 mM MgCl2 to minimize electrostatic repulsion between negatively charged 
backbones of oligonucleotides and to form denser DNA assemblies on surfaces. 
 
II.F.5. Polydimethylsiloxane (PDMS) Stamp Preparation and Chemical Patterning 
The SYLGARD 184 silicone elastomer base and curing agent were mixed thoroughly in a 10:1 
mass ratio, degassed under vacuum, and subsequently cast onto master substrates 
containing protruding square (25 μm × 25 μm) pillars (images not shown) or holes 
(Figures II.1d and II.2a–d). The masters were previously fabricated using standard 
photolithography and situated in plastic Petri dishes. The PDMS was cured overnight at 
70 °C. Polymerized stamps were then removed from the master, cut to appropriate sizes, and 
cleaned by 4.5 h soaking in hexanes. The stamps were once more heated at 70 °C overnight, 
sonicated in 1:1 water/ethanol solution for 15 min, rinsed briefly with ethanol, and stored 
under ambient conditions until used. 
For fluorescence microscopy measurements, surfaces were patterned to provide 
regions of contrast between patterned areas containing inserted DNA and those devoid of 
DNA (except where DNA inserts into native SAM defects).35 Patterning was carried out using 
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CLL from substrates with 100% 11-mercapto-1-undecanol (MCU) SAMs. Monolayers of MCU 
were formed on ferromagnetic or Au substrates by immersing clean substrates in a 1 mM 
ethanolic solution of MCU for 18 h. Substrates were then rinsed thoroughly with ethanol and 
dried with nitrogen gas. Patterned PDMS stamps were exposed to oxygen plasma (Harrick 
Plasma, 18 W, 10 psi O2) for 40 s to create reactive surfaces. Activated stamps were brought 
into contact with surfaces functionalized with MCU for 4 h prior to stamp removal. After lift-
off, substrates were rinsed thoroughly with water and ethanol before incubation with 
preannealed DNA/PDI (5:1) solutions containing 100 mM MgCl2 in a humid environment for 
24–48 h. 
 
II.F.6. Fluorescence Microscopy and Image Analysis 
Deionized water and PBS were used to rinse substrates thoroughly before imaging the 
hydrated surfaces using an inverted fluorescence microscope and a 10× objective lens (Axio 
Observer.D1, Carl Zeiss MicroImaging, Inc., Thornwood, NY, USA) with a fluorescence filter 
set (43 HE/high efficiency) having excitation and emission wavelengths of 550 ± 25 nm and 
605 ± 70 nm, respectively. The DNA-functionalized surfaces were kept hydrated to prevent 
dehybridization or structural changes that accompany loss of water molecules associated 
with DNA duplexes.9 For spin-selective measurements, a cylindrical neodymium-iron-boron 
magnet (K&J Magnetics, Pipersville, PA, USA) was placed directly beneath substrates. Under 
field-up (down) conditions, the north (south) pole of the magnet was flush with the backside 
of the substrates. 
Grayscale images contained 1040 × 1388 pixels with fluorescence intensity values 
assigned integer values between 0 and 255. Images were subjected to a region-based 
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segmentation algorithm. Details of the analysis with links to the MATLAB code are found 
elsewhere.38 All fluorescence microscopy images obtained under an external magnetic field 
that were used for image analysis to quantify fluorescence were obtained using 5 s exposures 
and subjected to identical operations for image segmentation, including the number of 
iterations, weight of bias field smoothness, and artifact thresholds. If image pixel intensities 
were too low for pattern identification and segmentation failed, image contrast was 
uniformly adjusted as necessary for all images (field up and field down) from a sample/field 
of view. 
Substrates bearing DNA/PDI complexes assembled on ferromagnetic (FM) 
substrates, DNA/PDI complexes on nonferromagnetic Au substrates, and DNA/Cy3 
complexes on FM substrates were imaged (N = 22 substrates per experimental condition). A 
total of 18 images (nine for field-up and nine for field-down conditions) were obtained for 
each substrate from the same field of view. The magnetic field orientation was reversed after 
acquisition of each three images. Following image segmentation, histograms of pixel 
intensities were created and fit to Gaussian distributions. Relative fluorescence intensities 
for each image were calculated using mean pixel intensities acquired from the Gaussian fits 
(x̅patterned and x̅unpatterned) and then by normalizing x̅patterned and x̅unpatterned to the average 
x̅unpatterned value calculated from every three sequential captured images (Figure II.2d). To 
account for substrate-to-substrate variability, the 18 x̅patterned/x̅unpatterned values from each 
substrate were normalized to the overall fluorescence intensity average value from all field-
up and field-down images. These normalized mean fluorescence intensities are reported in 
Figure II.2e. 
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II.F.7. Statistics 
Two-tailed paired t tests were used to compare x̅patterned and x̅unpatterned to test statistical 
significance in fluorescence intensity in patterned vs unpatterned regions for both external 
magnetic field orientation for every sample. Normalized mean fluorescence intensities were 
evaluated by two-way analysis of variance followed by Bonferroni post hoc tests. The 
notation [F(2,126) = 4.64, P < 0.05] in the main text that describes the results of the two-way 
analysis of variance indicates that there are 2 degrees of freedom for the interaction between 
both factors (calculated from the product of 2 – 1 = 1 degree of freedom for magnetic field 
orientation and 3 – 1 = 2 degrees of freedom for dye/substrate condition). The value of 126 
represents residual variation that results from differences among replicates that are not 
related to systematic alterations between measurements and is calculated from N – (a × b) 
where N = 132 is the number of average normalized relative fluorescence intensity values 
used in the statistical analysis (22 field-up values and 22 field-down values from each 
dye/substrate condition), and a and b represent the number of levels for each factor 
(2 different magnetic field orientations and 3 different dye/substrate conditions). The 
F statistic of 4.64 describes the interaction effect that one factor has over the other and is 
used to calculate a P value by comparing against the sampling distribution for the null 
hypothesis. Statistical analyses were carried out using GraphPad Prism (GraphPad Software 
Inc., San Diego, CA, USA). Data are reported as means ± standard errors of the means with 
probabilities P < 0.05 considered statistically significant. 
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II.F.8. Photoelectrochemical Measurements 
These measurements were conducted on a Reference 600 Potentiostat/Galvanostat/ZRA 
(Gamry Instruments, Warminster, PA, USA). A custom-made (polytetrafluoroethylene) 
electrochemical cell and a three-electrode setup were used with a Ag/AgCl reference 
electrode and Pt-wire counter electrode. Ferromagnetic multilayer thin films and 
nonferromagnetic Au films deposited on Si or Si/SiO2 substrates and functionalized with 
pure SAMs of DNA or DNA/dye complexes were used as the working electrodes. Top 
electrical contact was made with the substrates using a custom-made gold ring. A rubber 
O-ring on the interior of the gold contact made a leak-proof seal. The electrolyte solution, 
1× PBS, was bubbled with N2 for 20 min prior to measurements. Substrates were kept 
hydrated during cell assembly. Chronoamperometric measurements were performed using 
PHE200 Physical Electrochemistry Software (Gamry Instruments, Warminster, PA, USA) and 
open-circuit voltages. Working electrode surfaces were irradiated with 532 nm light 
(4.5 mW, Thorlabs, Newton, NJ, USA) in 20 s intervals. Working electrode areas were 
0.08 cm2. 
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Figure SII.1. Representative excitation and emission spectra of N,N’-bis[3,3’-
(dimethylamino)propylamine]-3,4,9,10-perylenetetracarboxylic diimide (PDI, 30 μM) in phosphate-
buffered saline sans DNA. Excitation scans were collected by monitoring emission at 620 nm. 
Emission spectra were collected using excitation at 475 nm. All excitation and emission spectra were 
collected on a QuantaMaster spectrofluorometer (Photon Technology International). 
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Figure SII.2. Representative circular dichroism spectra of double-stranded DNA containing abasic 
sites (1dS) in the absence and presence of N,N’-bis[3,3’-(dimethylamino)propylamine]-3,4,9,10-
perylenetetracarboxylic diimide (PDI) in a 1:1 ratio in phosphate-buffered saline (PBS) containing 
100 mM MgCl2.The DNA concentrations were 2 μM. Solutions of pre-annealed DNA without or with 
PDI were prepared as described in the main text Methods section. The right-handed B-form of DNA 
duplexes are confirmed in the two spectra by positive bands near 285 nm and negative bands near 
250 nm. The two spectra are nearly superimposable indicating that the binding of PDI molecules 
within the hydrophobic pockets of 1dS DNA do not significantly disrupt the right-handed helical 
structure of double-stranded 1dS DNA. Measurements were taken on a JASCO J-715 circular 
dichroism spectrophotometer at room temperature with six scans per sample. Average scans are 
shown after baseline subtraction of spectra taken in PBS. The resolution was 0.5 nm, the bandwidth 
was 1.0 nm; the response time was 4 s, and the collection speed was 20 nm/min. 
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Figure SII.3. Fluorescence microscopy images and schematics of photoelectrochemical control 
experiments. No fluorescent patterns (contrast) was observed for any condition. The excitation 
wavelength was 550 nm. The exposure time was 7 s (scale bars are 200 μm.) The following samples 
were prepared on 11-mercapto-1-undecanol SAMs patterned via chemical lift-off lithography: 
(a) duplex DNA with abasic sites (1dS) without N,N’-bis[3,3’-(dimethylamino)propylamine]-
3,4,9,10-perylenetetracarboxylic diimide (PDI) assembled on non-ferromagnetic (Au) substrates, 
(b) 1dS DNA without PDI on ferromagnetic (FM) substrates, (c) duplex DNA without abasic sites 
(0dS) annealed in the presence of PDI assembled on Au or (d) FM substrates, and (e) 1dS single-
stranded thiolated DNA incubated with PDI molecules on Au or (f) FM substrates. 
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Figure SII.4. Mean fluorescence intensities (reported as relative fluorescence units, RFU) of 
patterned regions relative to the unpatterned regions from DNA/N,N’-bis[3,3’-
(dimethylamino)propylamine]-3,4,9,10-perylenetetracarboxylic diimide (PDI) complexes 
assembled on (a) ferromagnetic (FM) substrates, (b) DNA/PDI on non-ferromagnetic Au substrates, 
and (c) DNA/Cy3 complexes on FM substrates. For each sample, N=9 images field up, N=9 images 
field down. Error bars represent standard errors of the means. 
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Figure SII.5. Representative control baseline-subtracted photovoltage measurements under open-
circuit voltage conditions in phosphate-buffered saline obtained by irradiating the following samples 
of pure DNA self-assembled monolayers with 532 nm light at 20 s intervals: (a) duplex DNA with 
abasic sites (1dS) without N,N’-bis[3,3’-(dimethylamino)propylamine]-3,4,9,10-
perylenetetracarboxylic diimide (PDI) assembled on non-ferromagnetic (Au) substrates, 
(b) 1dS DNA without PDI on ferromagnetic (FM) substrates, (c) duplex DNA without abasic sites 
(0dS) annealed in the presence of PDI assembled on Au or (d) FM substrates, and (e) 1dS single-
stranded thiolated DNA incubated with PDI molecules on Au or f) FM substrates.  
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Figure SII.6. Representative baseline-subtracted photocurrent density measurements under open-
circuit conditions in deoxygenated phosphate-buffered saline obtained by irradiating DNA/PDI 
complexes assembled on ferromagnetic substrates with 532 nm illumination in 20 s intervals.  
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Figure SII.7. Characterization of ferromagnetic substrates with perpendicular magnetic anisotropy. 
Representative hysteresis of bare, perpendicularly magnetized ferromagnetic multilayer substrates 
composed of Ta 3/Pt 2/[Co 0.5/Pt 0.3]3/Co 0.5/Au 1 (layers in nm) on Si/SiO2. Measurements were 
performed at room temperature on a Quantum Design, Inc. instrument (VersaLab, San Diego, 
CA, USA). 
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Figure SII.8. Synthesis scheme of N,N’-bis[3,3’-(dimethylamino)propylamine]-3,4,9,10-
perylenetetracarboxylic diimide (PDI). 
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Figure SII.9. Time-of-flight electrospray ionization mass spectrum of N,N’ -bis[3,3’-
(dimethylamino)propylamine]-3,4,9,10-perylenetetracarboxylic diimide (PDI) in chloroform. 
Calculated mass for C34N4O4H32 H=561.2502 Da. Mass deviation=0.0025 Da or 4.6 ppm. Peaks at 
mass-to-charge ratios (m/z) 561.2527 and 281.1307 correspond to singly and doubly ionized forms 
of PDI, respectively. Inset displays a high-resolution spectrum of isotope effects near the molecular 
ion peak at m/z=561.2527. Data were taken on a Waters Micromass LCT Premier mass spectrometer 
equipped with a Waters ACQUITY UPLC System. 
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Figure SII.10. (a) A 1H NMR (500 MHz, deuterated trifluoroacetic acid) spectrum of N,N’-bis[3,3’-
(dimethylamino)propylamine]-3,4,9,10-perylenetetracarboxylic diimide. Spectra were recorded at 
25 oC on a Bruker AV500 spectrometer. (b) High resolution spectra of each series of equivalent 
hydrogens. Positions of equivalent hydrogens are indicated by Roman numerals. (i, ii) δ 8.91 
(dd; J = 8.1, 22.5 Hz; 8H; CH), (iii) δ 4.56 (t; J = 6.4 Hz; 4H; CH2), (iv) δ 3.50 (t; J = 6.6, ~6.2 Hz; 4H; 
CH2), (v) δ 3.18 (d; ~3.3 Hz; 12H, CH3), (vi) δ 2.58 (quin; J = 6.6 Hz; 4H; CH2). The apparent and 
skewed doublet of doublets in (i, ii) that appears for the unresolved, non-equivalent aryl hydrogens 
is a result of higher order coupling. We attribute the skewed triplet in (iv) and the doublet in (v) to 
hindered internal rotation of the terminal nitrogen atoms bearing lone pairs resulting in non-
equivalent environments for hydrogen atoms on the adjacent methylene and methyl groups. 
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Figure SII.11. Characterization of the optical properties of perylenediimide derivatives. 
(a) Representative ultraviolet-visible spectra of N,N’-bis[3,3’-(dimethylamino)propylamine]-
3,4,9,10-perylenetetracarboxylic diimide (PDI) dispersed in chloroform (red) or phosphate-buffered 
saline (PBS). In aqueous solutions, the diminished and broadened absorption spectrum is attributed 
to aggregation of the dye molecules. (b) Representative ultraviolet-visible spectra of PDI in a 1:1 ratio 
with double-stranded DNA containing abasic sites (1dS) or lacking abasic sites (0dS). The DNA and 
PDI concentrations are 20 μM. Solutions of pre-annealed DNA with or without PDI were prepared as 
described in the main text Methods section. In the presence of DNA containing abasic hydrophobic 
pockets, the absorption spectrum of PDI resembles that of free, non-aggregated PDI dispersed in 
chloroform. By contrast, the diminished absorption peaks in the presence of 0dS DNA indicate self-
aggregation or nonspecific binding with the negatively charged backbone of the DNA duplex. 
Measurements in a) and b) were taken using a Thermo Scientific Evolution 600 UV-Vis and a Thermo 
Scientific NanoDrop 2000 spectrophotometer, respectively. 
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Figure SII.12. Evidence for noncovalent binding of PDI at abasic sites in DNA in a 1:1 ratio. 
Absorbance ratios (548 nm/508 nm) from ultraviolet-visible spectra of N,N’-bis[3,3’-
(dimethylamino)propylamine]-3,4,9,10-perylenetetracarboxylic diimide (PDI) in varying 
concentration ratios with double-stranded DNA with abasic sites (1dS) (red) or without abasic sites 
(0dS) (black) in in phosphate-buffered saline (PBS). Solutions of pre-annealed DNA with PDI were 
prepared as described in the main text Methods section. Lines are biphasic linear fits to regions of 
[DNA]/[PDI] ratios from 1.4 to 1.0 and 1.0 to 0.4 for 1dS DNA and 0dS DNA. The (lack of) change in 
slope at [DNA]/[PDI]=1.0 for 1dS (0dS) DNA is indicative of a 1:1 binding ratio of PDI molecules to 
hydrophobic pockets created by matching abasic sites in duplex DNA. Similar analyses have been 
performed by others to determine non-covalent binding of PDI molecules within abasic sites in 
duplex DNA. Error bars represent standard deviations for N=3 samples per data point. Measurements 
were taken using a Thermo Scientific NanoDrop 2000 spectrophotometer. 
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Figure SII.13. Stability of DNA/PDI complexes in phosphate-buffered saline. (a) Ultraviolet-visible 
spectra of N,N’-bis[3,3’-(dimethylamino)propylamine]-3,4,9,10-perylenetetracarboxylic diimide 
(PDI) in a 1:1 ratio with double-stranded DNA containing abasic sites acquired over 96 h under 
ambient conditions. The DNA and PDI concentrations were 20 μM. Solutions of pre-annealed DNA 
with PDI were prepared as described in the main text Methods section. (b) Ultraviolet-visible spectra 
from (a) within the wavelength window of 350 to 650 nm to highlight absorbance by PDI. Spectra 
are averages of 3 scans. Measurements were taken using a Thermo Scientific NanoDrop 2000 
spectrophotometer. 
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III.A. Introduction 
Enantioselective interactions between chiral molecules and electrons that depend on 
electron helicity, that is, the projection of an electron’s spin angular momentum on its linear 
momentum, enable the generation and manipulation of spin polarized electrons at room 
temperature.1,2 This spin-filtering phenomenon is attributed to the CISS effect, also known 
as electron dichroism, and has been observed in a wide range of dissymmetric molecular 
systems.3-5 Spin polarization in photoelectron transmission through chiral organic 
monolayers has been measured explicitly, using both linearly and circularly polarized 
radiation to emit unpolarized or longitudinally polarized photoelectrons, respectively, from 
noble metal substrates.6-9 In these studies, photon energies lower than the ionization 
potentials of the adsorbed organic films were used to excite photoelectrons solely from the 
underlying metal surfaces. However, little is known about the relative energetic barriers to 
transmission of spin-up vs spin-down electrons through chiral organic films within this 
charge transport regime, and whether spin-polarized photoelectrons may be emitted from 
chiral molecular films using ionizing radiation.  
Herein, using ultraviolet photoelectron spectroscopy (UPS), we characterized the 
valence electronic structure of FM surfaces with adsorbed chiral molecules as a function of 
molecular handedness and secondary structure, substrate magnetization orientation, and 
substrate polarization. Using unpolarized ionizing radiation from a helium-ion ultraviolet 
light source (He I emission line), we collected primary and secondary valence photoelectrons 
that originated from both the FM substrates and adsorbed chiral molecule films. Our 
experiments were designed to deconvolute potential mechanisms of spin filtering in 
photoemission by ionizing radiation, and to measure the relative energy barriers to 
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transmission of spin-up vs spin-down electrons through chiral molecular assemblies. 
The experimental schematic for the UPS measurements is illustrated in Figure III.1. 
Spin selectivity in photoemission from FM substrates functionalized with chiral organic films 
may be attributed to three possible mechanisms. Nominally, the spin polarization of 
photoelectrons from FM substrates reflects the polarization within the material itself; an 
incident photon excites an electron below the Fermi level to a final state with identical spin.10 
However, when FM substrates are functionalized with chiral organic monolayers or films, 
the spin polarization of photoelectrons emitted from the metal depends on the chirality of 
the adsorbed molecules that act as spin filters due to the asymmetric scattering probabilities 
of electrons with opposite helicity and spatial structure of unoccupied high-lying states.6-9,11 
Thus, the work function (𝜙), defined as the difference between the photon energy, ℎ𝜈 
(21.2 eV), and the binding energy of the secondary electron cutoff (i.e., maximum binding 
energy), 𝐸𝐵
𝑚𝑎𝑥; 𝑜𝑟𝑔𝑎𝑛𝑖𝑐
:   
                𝜙 = ℎ𝜈 − 𝐸𝐵
𝑚𝑎𝑥; 𝑜𝑟𝑔𝑎𝑛𝑖𝑐
 (1) 
of FM surfaces should depend on both the magnetization orientation of the FM substrate, 
and on the molecular handedness. This value represents the energy barrier to remove an 
electron from the solid surface to a point in the vacuum just outside the surface. Thus, when 
the spin state of majority-spin electrons match the preferred spin orientation of electrons 
transmitted through chiral monolayers, a lower 𝜙 is expected. 
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Figure III.1. Experimental schematic of ultraviolet photoelectron spectroscopy (UPS). Spin-
selective processes due to the chiral-induced spin selectivity effect include filtering of 
photoelectrons originating from the metal by adsorbed chiral species (1), spin-polarized 
photoemission by ionization of chiral films (2), or filtering of conduction electrons supplied by the 
metal to fill holes left in the highest-occupied molecular orbitals (HOMO) of the organic films (3). 
The right side of the image depicts representative ultraviolet photoelectron spectra from bare 
ferromagnetic (FM) surfaces and surfaces coated with chiral organic films. The large peaks at high 
binding energies correspond to the collection of secondary electrons that scatter one or more 
times, losing energy. The spin polarization of photoelectrons emitted from bare FM surfaces by 
photons with energy hv reflects the polarization within the metal dictated by the magnetization 
orientation, M. The minimum energy required to remove an electron from the metal is the work 
function, 𝜙. The Fermi edge and minimum binding energy, 𝐸𝐵
𝑚𝑖𝑛; 𝑚𝑒𝑡𝑎𝑙, is at 0 eV, and the 
secondary electron cutoff of electrons with lowest kinetic energy is 𝐸𝐵
𝑚𝑎𝑥; 𝑚𝑒𝑡𝑎𝑙. When 
functionalized with organic chiral layers, photoelectrons are collected from both the metal surface 
as well as the organic material due to ionization. The valence band edge of the spectra, 
𝐸𝐵
𝑚𝑖𝑛; 𝑜𝑟𝑔𝑎𝑛𝑖𝑐
 and the secondary electron cutoff, 𝐸𝐵
𝑚𝑎𝑥; 𝑜𝑟𝑔𝑎𝑛𝑖𝑐
, represent the highest and lowest 
kinetic energies of collected photoelectrons, respectively. The work function shift, Δ, reflects the 
change in the minimum energy to remove an electron from the surface.  
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If the photon energy is higher than the ionization potential of the organic film, such 
as in UPS measurements, electrons are also collected from occupied electronic states within 
the organic films by ionizing the adsorbed molecules. Spin-polarized photoemission by 
ionization of surface adsorbates has been detected using circularly polarized light, which is 
solely a result of spin-orbit interactions that depends on the helicity of the incident photons, 
and are therefore more prominent in high-Z systems.12 Photoemission using unpolarized or 
linearly polarized radiation, however, is not expected to yield spin-polarized photoelectrons 
except within particular non-coplanar observation geometries.13 Still, scattering of 
secondary electrons originating from the organic material within a chiral film may lead to 
spin polarization. This process is analogous to mechanisms related to filtering 
photoelectrons emitted from underlying metal surfaces,6-9,11 leaving behind an excess of 
holes of a particular spin state dictated by the handedness of the organic material due to 
inversion-symmetry breaking. Compared to randomly dispersed molecules in the gas phase, 
the surface assembly imparts orientation and alignment that enhances and focuses 
asymmetry in scattering of low-kinetic-energy electrons within chiral molecular assemblies. 
The ionization potential of the organic film (𝐼) is defined as the energy difference 
between the photon energy and the width of the photoelectron spectra:  
                𝐼 = ℎ𝜈 − (𝐸𝐵
𝑚𝑎𝑥; 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 − 𝐸𝐵
𝑚𝑖𝑛; 𝑜𝑟𝑔𝑎𝑛𝑖𝑐) (2) 
where 𝐸𝐵
𝑚𝑖𝑛; 𝑜𝑟𝑔𝑎𝑛𝑖𝑐
 represents the valence band edge (i.e., minimum binding energy). If the 
holes within the chiral organic films are spin polarized, they must be filled by electrons with 
a matching spin state supplied from the grounded FM substrate. Therefore, holes are more 
efficiently filled when substrates are in the preferred magnetization orientation (based on 
the chirality of the molecular films and spin polarization of holes), corresponding to a 
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lower 𝐼. In the opposite magnetization condition, an accumulation of positive charge within 
the chiral organic layer results in a higher 𝐼. 
Finally, spin polarization may occur via electron transfer by conduction from the 
underlying metal to neutralize the positively-charged organic films with a dependence on 
the handedness of the organic layer. The CISS effect has been demonstrated within this 
charge-transport regime, and the spin-valve-like architecture between FM layers and chiral 
molecules as spin filters show high- or low-resistance states dictated by the substrate 
magnetization orientation and molecule chirality.8,14-16 Thus, if the holes left by secondary 
electrons originating from the organic films are not spin polarized, differences in 𝐼 between 
substrate magnetization orientations may still result from spin-dependent charge transfer 
through the chiral organic molecules. 
 
III.B. Results 
III.B.1. Ferromagnetic Substrate Characterization 
Ferromagnetic films with perpendicular magnetic anisotropy were grown on glass 
substrates with a composition of Ta 3/Pt 2/[Co 0.6/Pt 0.3]69/Co 0.6/Au 1 (layers in nm) and 
used for UPS measurements. While the thin layer of Au is insufficient to prevent partial 
oxidation of the underlying Co layers (Figure SIII.1), it enables the formation of stable 
molecular films of thiolated molecules due to the formation of robust Au-S bonds. 
The magnetic hysteresis of this substrate material is shown in Figure III.2a. The 
substrates retain their magnetization out of the plane of the films upon removal of external 
magnetic fields. Substrates were designed with large coercivities (~3 kOe) to prevent loss of 
initial magnetization within the instrument chamber due to magnetic fields used to focus 
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photoelectrons to the detector. As indicated by the slanted shape of the hysteresis curves, 
the large substrate coercivity also made it possible to magnetize substrates reproducibly to 
sub-saturation conditions. We investigated conditions when the substrates were magnetized 
with a saturating field of ± 12 kOe and sub-saturating field of ± 7 kOe to probe different spin 
polarizations (i.e., ratio of spin-up to spin-down electrons) within the FM substrate.  
 
 
 
 
Figure III.2. Characterization of bare ferromagnetic (FM) films with composition: glass 
substrate/Ta 3/Pt 2/[Co 0.6/Pt 0.3]69/Co 0.6/Au 1 (layers in nm). (a) Hysteresis loops of FM 
substrates with ± 12 kOe and ± 7 kOe saturating magnetic fields (H). (b) Representative full 
ultraviolet photoelectron spectra of bare substrates magnetized up (red) or down (blue) at full 
saturation using a helium-ion ultraviolet light source (He I). c) Magnification of the secondary 
electron cutoff region of the spectra in (b). (d) Work function values of the surfaces magnetized 
up (red) or down (blue) at full saturation calculated from the ultraviolet photoelectron spectra. 
Error bars represent standard errors of the mean; ns is not significant (P > 0.05). 
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Representative ultraviolet photoelectron spectra and secondary electron cutoff 
regions for bare substrates are shown in Figure III.2b,c at full saturation. No differences in 𝜙 
were measured between opposite magnetization conditions when the substrates were not 
functionalized with organic films (Figure III.2d). Importantly, these results show that the 
influence of magnetic fields at the surface of the perpendicularly-magnetized substrates due 
to remnant magnetization on emitted photoelectrons is negligible. Additionally, no 
significant differences were found in the secondary electron peak intensities nor total 
integrated areas of the spectra between substrate magnetization conditions (Table SIII.1). 
The energies of the secondary electron cutoffs, Fermi edges, and 𝜙 can be found in Table 
SIII.2. 
 
III.B.2. Spin-Selective Photoemission from L- and D-Peptide Monolayers 
Monolayers of left- and right-handed -helical peptides (henceforth D- and L-peptides, 
respectively) composed of (N terminus  C terminus) [K(Aib)A(Aib)A]6KC were formed on 
FM substrates by binding of the thiol functional group of cysteine residues on the C-termini 
of the oligopeptides to the Au layers (Figure III.3a). All lysine (K), alanine (A), and cysteine 
(C) residues were L-form in the L-peptides and D-form in D-peptides. The achiral 
2-aminoisobutyric acid (Aib) residues were used to stabilize the -helical secondary 
structure of peptides of both handedness,15 which was confirmed in solution by circular 
dichroism spectroscopy (Figure SIII.2). Peptide assembly on FM surfaces was confirmed by 
the presence of amide I and II stretching bands observed via infrared reflection-absorption 
spectroscopy (Figure SIII.3).  
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Figure III.3. Characterization of ferromagnetic (FM) substrates functionalized with self-
assembled monolayers (SAMs) of L- or D-peptides by ultraviolet photoelectron spectroscopy 
using a helium-ion ultraviolet light source (He I). (a) Experimental schematic for two opposite (up 
vs downrientations (M). (b) Full, representative photoelectron spectra for L- and D-peptide SAMs 
on FM substrates magnetized with +/- 12 or +/- 7 kOe. Spectra obtained from substrates 
magnetized up vs down are offset for clarity. (c) Secondary electron cutoffs (squares) and valence 
band edges (triangles) for L- (solid symbols) and D- (open symbols) peptide SAMs on substrates 
magnetized to full- vs sub-saturation magnetization. (d) Ionization energies of FM substrates 
magnetized up vs down at full- and sub-saturation magnetization for L-peptide SAMs and 
(e) D-peptide SAMs. Error bars represent standard error of the means; **P < 0.01 vs M down; ns 
is not significant (P > 0.05). 
 
 103 
Representative ultraviolet photoelectron spectra and the energies of the secondary 
electron cutoffs and valence band edges of the spectra obtained from FM substrates 
functionalized with L- or D-peptides at full- and sub-saturation magnetization conditions are 
shown in Figures III.3b and c, respectively. The negative shift in the work function of the 
substrates upon both L- and D-peptide functionalization indicates covalent binding of the 
thiolated cysteine residues to the metal surface due to the positive dipole 
(C terminus  N terminus) of the -helices pointing away from the surfaces 
(Table SIII.2).17-19 No significant differences in secondary electron peak intensities, total 
integrated area of the spectra, or 𝜙 were determined in all four conditions between substrate 
magnetization orientations.  
Two-way analysis of variance showed a significant interaction between substrate 
magnetization orientation and saturation condition for 𝐼 when FM substrates were 
functionalized with L-peptide SAMs. Post hoc analysis revealed that ionization energies were 
significantly lower when the magnetization of substrates were oriented up vs down only 
when FM substrates were fully magnetized (Figure III.3d, **P < 0.01). When the spin 
polarization of the substrate was lowered by magnetizing the samples with a sub-saturating 
field, no significant differences between magnetization orientations were found. The results 
indicate that the magnitude of spin polarization of the substrate determines whether spin 
selectivity in photoemission can be experimentally determined in our measurements. 
Based on results observed with L-peptide SAMs, we hypothesized that surfaces 
functionalized with D-peptide SAMs with opposite chirality would show instead higher 𝐼 
when the magnetization of substrates were oriented parallel to the surface normal. However, 
two-way analysis of variance showed no significant interaction between substrate 
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magnetization orientation and saturation condition, nor significance in the main effects for 𝐼 
when FM substrates were functionalized with D-peptide SAMs (Figure III.3e).  
The absence of any dependence of 𝐼 on the substrate magnetization may be due to 
poorer SAM quality of D-peptides vs L-peptides. This hypothesis is based on the measured 
thicknesses of L- and D-peptide SAMs on FM surfaces by ellipsometry (Table SIII.3). The 
average thickness of L-peptide SAMs was 3.7 ± 0.5 nm. Assuming a rise of 0.15 nm per amino 
acid residue, the length of a peptide of 32 resides would be 4.8 nm. Thus, the measured 
thickness may be a result of off-normal orientation of the L-peptide molecules within the 
SAMs, or incomplete surface coverage. The average thickness of D-peptide SAMs was 
1.9 ± 0.3 nm, suggesting an even poorer surface coverage compared to that of L-peptide 
SAMs, which reflects the lower signal intensity measured in infrared reflection-absorption 
measurements (Figure SIII.3). Because our laboratory axis of electron spin polarization 
within the FM substrates is defined as the surface normal (up vs down), and because spin 
polarization by the CISS effect is expected to be along the axis of helical molecules,20-32 
deviation of molecules from vertical alignment would result in lower spin filtering efficiency. 
Further, higher densities of chiral molecules are expected to yield a larger spin polarization 
in electron transmission due to wavefunction overlap with multiple molecules.11,33 Thus, we 
attribute the absence of substrate magnetization dependence of the ionization potential of 
D-peptide SAMs to low surface coverage. 
 We also tested mixed SAMs composed of L- and D-peptides formed from racemic 
mixtures. Because each photoelectron spectra represent an ensemble characterization of the 
surfaces, dilution of L-peptide SAMs with molecules of the opposite chirality in this manner 
was hypothesized to result in no net measureable spin selectivity in photoemission. Indeed, 
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no differences in 𝐼 between substrate magnetization orientations were observed when fully 
saturated (Figure SIII.4). These results agree qualitatively with the seminal work done by 
Ray et al., who observed that enantioselectivity in the transmission of spin-polarized 
photoelectrons emitted from Au using left- vs right-handed circularly polarized light through 
films of L-stearoyl lysine films disappeared when films were formed with impurities of 
D-stearoyl lysine.11 
 
III.B.3. Spin-Selective Photoemission from Protein Films  
To investigate the influence of structure and orientation on spin-selective photoemission, 
ultraviolet photoelectron spectra were also compared between FM substrate magnetization 
conditions when surfaces were functionalized with adsorbed films of the protein, bovine 
serum albumin (BSA), in unmodified vs thermally denatured (dBSA) conditions 
(Figure III.4a). Adsorption of BSA on various surfaces has been widely investigated, and 
generally, higher densities are achieved using charged substrates compared to hydrophobic 
surfaces.34,35 Thus, positively charged SAMs of achiral 11-amino-1-undecanethiolate (AUT) 
monolayers were formed first on FM substrates to facilitate the electrostatic binding of BSA 
molecules with net negative charge at pH 7.4 in PBS solutions by association with negatively 
charged residues.36  
In its native conformation, the globular protein, BSA, is composed of multiple right-
handed -helical subunits with ca. 60% structural helicity. However, upon adsorption on 
surfaces and dehydration, conditions necessary for the experiments performed herein, 
pristine secondary structure is lost, with a decrease in structural helicity and slight increase 
in β-sheet content.37,38 When irreversibly denatured due to heating prior to surface 
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assembly, a greater loss of structural helicity and conversion to a conformation with higher 
composition of β-sheets is evident by circular dichroism spectroscopy (Figure SIII.5).39 
Infrared reflection-absorption spectroscopy confirms the greater β-sheet content of dBSA 
when dried on FM substrates based on analysis of the amide I band with reduction of 
absorbance in the range 1655-1650 cm-1, attributed to α-helical composition, and increase 
in absorbance in the range 1685-1633 cm-1, due to β-sheets (Figure SIII.6).40 Still, the 
chemical nature of the protein is not lost by thermal denaturation as evidenced by 
comparison of the nearly identical C 1s, N 1s, and O 1s regions of high-resolution X-ray 
photoelectron spectra for BSA and dBSA films on AUT SAMs (Figure SIII.7). Thus, films 
composed of dBSA have reduced -helicity, but maintain chirality due to the L-amino acid 
subunits.  
Representative ultraviolet photoelectron spectra and the energies of the secondary 
electron cutoffs and valence band edges of the spectra obtained from FM substrates 
functionalized with AUT SAMs and BSA or dBSA films at full- and sub-saturation 
magnetization conditions are shown in Figures III.4b and c, respectively. Similar to the 
measurements of L- and D-peptide SAMs, no significant differences in secondary electron 
peak intensities, total integrated area of the spectra, or ϕ were determined in all four 
conditions between substrate magnetization orientations (Tables SIII.1,2).  
Two-way analysis of variance showed no significant interaction between substrate 
magnetization orientation and saturation condition, nor significance in the main effects for 𝐼 
when FM substrates were functionalized with BSA films (Figure III.4d). The absence of the 
dependence of spectral widths on magnetization condition may be attributed to the random 
orientation of disordered -helical subunits and overall lower -helical content that occurs 
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upon surface adsorption as indicated by infrared reflection-absorbance spectroscopy 
compared to that of well-aligned L-peptide SAMs (Figure SIII.6).  
Alternatively, two-way analysis of variance showed a significant interaction between 
substrate magnetization orientation and saturation condition for 𝐼 when FM substrates were 
functionalized with AUT SAMs and dBSA films. Post hoc analysis showed that values of 𝐼 were 
significantly higher when the magnetization of substrates were oriented up vs down only 
when FM substrates were fully magnetized (Figure III.4e, *P < 0.05). Again, when the spin 
polarization of the substrate was lowered by magnetizing the samples with a sub-saturating 
field, no significant differences between magnetization orientations were found. 
No differences in 𝐼 were measured between opposite magnetization orientations of 
FM substrates at full saturation when functionalized with achiral AUT SAMs (Figure SIII.8). 
These results are expected, as no dependence of transmission on electron helicity should 
occur if the molecular films lack inversion asymmetry, and provide additional evidence that 
the observations for L-peptide SAMs and AUT SAMs with dBSA films are not artifacts 
attributed to magnetic fields at the metal surfaces of the FM substrates due to remnant 
magnetization of the substrates. 
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Figure III.4. Characterization of ferromagnetic (FM) substrates functionalized with self-
assembled monolayers (SAMs) of 11-amino-1-undecanethiol and films of bovine serum albumin 
(BSA) or thermally denatured bovine serum albumin (dBSA) by ultraviolet photoelectron 
spectroscopy using a helium-ion ultraviolet light source (He I). (a) Experimental schematic. 
(b) Full, representative photoelectron spectra for AUT SAMs with BSA or dBSA films on FM 
substrates magnetized with +/- 12 or +/- 7 kOe. Spectra obtained from substrates magnetized up 
vs down are offset for clarity. (c) Secondary electron cutoffs (squares) and valence band edges 
(triangles) for AUT SAMs with BSA (solid symbols) or dBSA films (open symbols) on substrates 
magnetized to full- vs sub-saturation magnetization. (d) Ionization energies of FM substrates 
magnetized up vs down at full- and sub-saturation magnetization for AUT SAMs with BSA and 
(e) dBSA. Error bars represent standard error of the means; *P < 0.05 vs M down; ns is not 
significant (P > 0.05). 
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III.B.4. Photoemission Measurements with Charge Neutralization  
Positive charging of the surfaces under all conditions was evident by a shift in ultraviolet 
photoelectron spectra to higher binding energies upon multiple scans on the same 
substrates (Figure SIII.9). To test if differences in the photoelectron spectral features on fully 
saturated FM substrates were due to differences in positive charging and nonuniform 
surface potentials within the films upon ionization (Figure III.5a), conventional charge 
neutralization methods were employed.  
A uniform flood of low-energy electrons (~0.1 eV) from a coaxial (normal to the 
surface) source was delivered using a combined magnetic/electrostatic lens during spectral 
acquisition. While the conductive FM substrates provide a source of spin-polarized electrons 
to fill holes within the ionized chiral films, the additional unpolarized electrons contribute to 
charge neutralization independent of the magnetization orientation of substrates and 
minimize charging effects.  
For FM substrates functionalized with L-peptide SAMs, 𝐼 decreased for both 
magnetization orientation conditions under charge neutralization conditions when 
compared to the aforementioned measurements without use of the electron flood gun, 
indicative of a reduction in the positive charging of the organic films. No significant 
differences in 𝐼 as a function of magnetization orientation were determined upon charge 
neutralization conditions (Figure III.5b). These results confirm that positive charging and 
thus ionization energies of L-peptide SAMs upon photoionization depend on substrate 
magnetization orientation.  
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Figure III.5. Characterization of ferromagnetic (FM) substrates functionalized with L-peptide 
self-assembled monolayers (SAMs) and SAMs of 11-amino-1-undecanethiol with films of 
thermally denatured bovine serum albumin (dBSA) by ultraviolet photoelectron spectroscopy 
using a helium-ion ultraviolet light source (He I) under charge neutralization conditions. 
(a) Experimental schematic. For clarity, depiction of photoelectrons emitted from the metal 
substrates is omitted. (b) Ionization energy of FM substrates magnetized up vs down at full 
saturation magnetization for L-peptide SAMs. (c) Magnified region of the secondary electron 
cutoff of representative photoelectron spectra from FM substrates functionalized with L-peptide 
SAMs magnetized up vs down. (d) Work function values of FM substrates magnetized up vs down 
at full saturation magnetization for L-peptide SAMs. (e) Ionization energy and (f) work function 
values of FM substrates magnetized up vs down at full saturation magnetization for AUT SAMs + 
dBSA. Error bars represent standard error of the means; **P < 0.01 vs M down; ns is not significant 
(P > 0.05). 
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In addition, differences in 𝜙 were determined under charge neutralization between 
magnetization orientations as indicated by different shifts in the secondary electron cutoff 
positions (Figure III.5c). A lower 𝜙 was measured for FM surfaces functionalized with 
L-peptide SAMs when substrates were magnetized up (Figure III.5d). Shifts in 𝜙 became 
apparent by deconvoluting the influence of substrate magnetization-dependent charging of 
the ionized chiral organic films on the photoelectron spectra. 
We also tested the influence of charge neutralization on 𝐼 and 𝜙 for AUT SAMs with 
dBSA films on fully saturated FM substrates between substrate magnetization orientations. 
Again, a decrease in 𝐼 was observed for both magnetization orientation conditions compared 
to measurements without use of the electron flood gun, and no differences between 
magnetization up vs down conditions were determined (Figure III.5e), analogous to 
measurements with L-peptide SAMs. However, no substrate magnetization-dependent 
differences in 𝜙 were observed under charge neutralization conditions for AUT SAMs with 
dBSA films. These results may be attributed to the larger thickness of AUT SAMs with dBSA 
films (9.4 ± 0.4 nm) compared to L-peptide SAMs as indicated by ellipsometry measurements 
(Table SIII.3). The thicker organic layers may attenuate transmission of photoelectrons 
originating from the FM substrate sufficiently to prevent resolution of 𝜙 differences in our 
measurements. Further, characterization of AUT SAMs with adsorbed BSA and dBSA films 
by AFM indicate greater inhomogeneity of surfaces compared to bare FM substrates and AUT 
SAMs only (Figure SIII.10) which may also mask subtle differences in 𝜙. 
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III.B.5. Testing Spin-Dependent Conduction through Protein Films 
Ultraviolet photoelectron spectroscopy measurements indicated that the charging of chiral 
organic films on FM substrates due to the buildup of holes is dependent upon the substrate 
magnetization orientation. These differences in 𝐼 may be due to spin-polarized holes left by 
secondary electrons upon ionization of the chiral molecule films, or, if spin-polarized 
photoemission by ionization of the organic films does not occur, to filtering of spin-polarized 
conduction electrons supplied by the underlying metal surface to neutralize the chiral layers.  
Electron-helicity-dependent charge transfer through L- and D-peptides has been 
reported previously, and are not tested here.8,14,41 To test if BSA or dBSA films can effectively 
filter electrons transferred in the tunneling/hopping regime as well, solid-state spin-valve 
devices were fabricated to measure spin selectivity in conduction. Non-ferromagnetic Au 
electrodes, functionalized with AUT SAMs and BSA or dBSA films, were capped with Ni or Au 
electrodes with a thin aluminum oxide (Al2O3) tunneling barrier (Figure III.6a). Due to spin-
polarized electron injection into the minority spin subband and out of the majority spin 
subband within FM materials, dependence of the current on the magnetization orientation 
of the Ni electrode would indicate that the protein layers could polarize electron transport 
through the films. If Au rather than Ni capping electrodes are used, no significant difference 
of the current on an external magnetic field is expected.  
The current between top and bottom electrodes was measured while sweeping the 
voltage when an external magnetic field was applied underneath the devices to magnetize 
the top Ni electrodes up or down as shown in Figure III.6a at room temperature. Sixty devices 
per magnetic field orientation were tested on each of three independently prepared 
substrates (inset, Figure III.6b), and the average current values for the three substrates are 
 113 
shown in Figure III.6b. In each case, no significant differences in current were determined 
between field up vs field down conditions within the error of our measurements. 
 
 
The characterization of similar device architectures was recently reported by Varade 
et al. in which the magnetoresistance of solid-state bacteriorhodopsin spin valves was 
measured.42 While the native secondary structure of both bacteriorhodopsin and BSA 
contains multiple -helical subunits, unlike in BSA, the helices are well-aligned in 
bacteriorhodopsin, which likely enhances its ability to polarize transmitted electrons. 
 
 
Figure III.6. (a) Schematic of spin-valve device architectures composed of self-assembled 
monolayers (SAMs) of 11-amino-1-undecanethiol (AUT) and electrostatically adsorbed films of 
bovine serum albumin (BSA) or thermally denatured bovine serum albumin (dBSA) sandwiched 
between non-ferromagnetic Au and ferromagnetic Ni electrodes. An external magnetic field is 
used to magnetize the Ni electrodes parallel or antiparallel to the normal axis of the devices. 
(b) Average current-voltage measurements for Au/BSA/Ni (solid circles), Au/dBSA/Ni (solid 
triangles), and Au/BSA/Au (open circles) junctions from three substrates (photograph in inset). 
Shaded areas represent standard error of the mean from N=3 substrates for each condition (N=60 
panels tested per magnetic field orientation per substrate). 
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Furthermore, the performance of the devices was enhanced when bacteriorhodopsin was 
treated with the non-ionic detergent n-octyl-thioglucoside. Optimization of film deposition 
and device fabrication may enable the use of proteins within next-generation solid-state 
electrical components or spin valves.2,43,44 However, our results suggest that neither BSA nor 
dBSA films can efficiently filter electrons within the conduction regime under the film 
preparation conditions used for UPS measurements. 
 
III.C. Discussion  
We investigated substrate magnetization-dependent photoemission from FM substrates 
functionalized with chiral molecular assemblies and found that when functionalized with 
chiral molecules, 𝐼 depended on the magnetization orientation and polarization of the 
underlying FM metal. We hypothesize that these results are due to the buildup of spin-
polarized holes within the chiral organic films upon ionization. Three alternative 
explanations may be used to rationalize our results that do not require that ionization causes 
the formation of spin-polarized hole states. 
First, asymmetric scattering angles of photoelectrons depending on the handedness 
of the adsorbed chiral molecules may be manifested in ultraviolet photoelectron spectra. 
Asymmetric forward and backwards scattering of photoelectrons emitted from chiral 
molecule vapors using circularly polarized ionizing radiation has been detected by circular 
dichroism in the angular distribution of photoelectrons.45,46 This process is a result of a pure 
electronic dipole transition, and does not depend on spin-orbit coupling interactions. This 
phenomenon can be observed with achiral molecules as well, provided that they are 
oriented,47 and the combined interaction between incident photons and molecular target 
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exhibit a defined handedness, which can be induced by precise experimental geometries.12 
However, because unpolarized radiation was used as an excitation source in our 
experiments, photoelectron circular dichroism is likely not responsible for the substrate 
magnetization-dependent effects described herein. Furthermore, the lack of dependence of 
𝐼 on substrate magnetization conditions for achiral, yet aligned, AUT SAMs on FM substrates 
also rules out this explanation. 
Second, if the different surface charging, and thus 𝐼, that we measured between 
substrate magnetization orientations without charge neutralization were attributed to the 
capture of photoelectrons originating from the FM substrate with unfavorable helicity, then 
𝐼 and 𝜙 should show opposite trends. Right-handed L-peptides assembled on Au have been 
shown to polarize transmitted photoelectrons with their spin oriented antiparallel to the 
surface normal.8 Our UPS results under charge neutralization conditions agree with these 
observations; a lower 𝜙 when the substrates were magnetized up corresponds to a lower 
energy barrier to remove electrons from the surface when the spins of electrons within the 
majority subband are oriented antiparallel to the surface. When the substrates are 
magnetized down, a higher percentage of photoelectrons with their spins oriented parallel 
to the surface normal are emitted upon irradiation. Under these conditions, if more electrons 
do not escape the surface organic layer due to spin filtering than from surfaces magnetized 
in the opposite direction, then less charging, and lower 𝐼 would be expected when substrates 
were magnetized down. However, this prediction is not in agreement with our results, where 
lower 𝐼 and 𝜙 were measured when substrates were magnetized up. 
Third, spin polarization of electrons transferred from the metal surface to neutralize 
holes within the organic layers may cause a buildup of positive charge in the film when the 
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substrates are magnetized in the unfavorable orientation. When the majority electrons of the 
FM substrate do not match the preferred helicity in charge transfer, a higher resistance state 
results. In our experiments, differences in the 𝐼 between substrate magnetization 
orientations were observed for L-peptide SAMs and for AUT SAMs with dBSA films. For 
L-peptide SAMs, the preferred helicity of electrons that tunnel through the molecules is 
positive, that is, with spin aligned parallel to its linear momentum direction.41 In our 
experimental setup, substrates magnetized down would provide favorable spin alignment 
for electrons transferred from the FM substrates to the organic films based only on the 
chirality of the peptides, and would result in a lower buildup of charge, and thus a lower 𝐼 
when substrates are magnetized down. However, this prediction does not match our 
experimental results. Further, we found that dBSA films are not capable of filtering 
transferred electrons via conduction under the film conditions prepared for UPS 
measurements, eliminating this possible contribution to substrate magnetization-dependent 
surface charging in dBSA films.  
Collectively, our results suggest that the holes remaining within photoionized films of 
chiral films adsorbed on FM substrates have polarized spin components along the normal 
axis of the organic layers, dictated by the chirality of the films. When the substrates are 
magnetized in the preferred orientation, that is, such that the spin of electrons supplied by 
the majority subband matches that of the holes within the organic film, more efficient 
electron-hole recombination occurs to regenerate the organic film (Figure III.a,d). However, 
when the substrates are magnetized in the opposite direction, the electrons within the 
majority subbands do not match the spin state of the holes left in the organic films 
(Figure III.b,c). Thus the surfaces build up a net positive charge effectively increasing 𝐼. 
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Therefore, we postulate that oriented films of chiral molecules are capable of emitting spin-
polarized photoelectrons when excited with unpolarized ionizing radiation.  
 
 
Interestingly, the trend in substrate magnetization orientation-dependence of 𝐼 was 
reversed between -helical L-peptide SAMs and dBSA films with high -sheet content. These 
results suggest that photoelectrons collected from L-peptide SAMs and dBSA films are spin 
polarized with negative and positive helicity, respectively. The structure of surface-adsorbed 
BSA molecules represents a disorganized intermediate between these two systems, which 
 
 
Figure III.7. (a,b) Schematics representing allowed vs suppressed electron transfer from 
ferromagnetic (FM) substrates magnetized up or (c,d) down to fill spin-polarized holes resulting 
from ionization of chiral molecule films of opposite handedness (green and orange). 
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may also explain the absence of the dependence of 𝐼 on substrate magnetization conditions 
for BSA films on AUT SAMs. While both the peptides and proteins are composed of left-
handed L-amino acid monomer subunits, we find that the secondary structure of the 
molecules dictate spin-selective interactions with transmitted electrons. These results 
corroborate studies on dsDNA.48 While oligonucleotide strands of DNA contain 
D-deoxyribose sugars within the phosphodiester backbone, the handedness of the tertiary 
double-helix structure that results upon hybridization of complementary strands dictates 
the helicity preference in spin-selective interactions with electrons.48 
 Further, because of the disappearance of this effect when substrates were magnetized 
to sub-saturation conditions with ±7 kOe applied magnetic fields, 𝐼 must depend on the 
polarization of electrons within the underlying FM material. At full saturation, the 
magnetization of the perpendicularly-magnetized Co/Pt substrates is still <100%. Therefore, 
the difference in 𝜙 of ca. 80 meV measured between opposite magnetization orientations 
under surface charge neutralization conditions represents a lower limit for the relative 
energy barrier to transmission of electrons with energies above the vacuum level with right- 
vs left-handed helicity through right-handed -helical peptide SAMs of approximately ten 
helical turns. By comparison, spin-dependent energy barriers to transport through -helical 
peptides in the conduction regime for electrons with energies below the vacuum level have 
been reported to be ca. 500 meV for peptides of approximately half the length of those used 
herein.8 This value was determined by comparing the differences in the band gaps for the 
spin-density of states from dI/dV plots from conductive AFM measurements of peptides 
assembled on Ni surfaces magnetized up vs down. The lower, relative energy barrier that we 
obtain in over-the-barrier transmission of photoelectrons through -helical peptides may be 
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attributed to the escape of electrons from regions devoid of SAM molecules due to 
inhomogeneous surface coverage, which would not depend on substrate magnetization 
condition.  
 Lastly, under every measurement condition, no significant differences in the 
intensity, or counts, of photoelectrons collected, nor in the total integrated area considering 
photoelectrons of all kinetic energies (between 0 eV and ca. 14-16 eV, depending on the 
width of the spectra) were determined between substrates magnetized up vs down. In 
contrast, higher or lower intensities in electron energy distributions within the kinetic 
energy range of ~0-2 eV have been reported when Au substrates functionalized chiral films 
are irradiated with left- vs right-handed circularly polarized light to emit spin polarized 
electrons of opposite helicity from the Au surface.6,11 In our measurements, photon energies 
are substantially larger than 𝐼 (ℎ𝜈 ≫ 𝐼) and are likely insensitive to small (<1%) differences 
in 𝐼. Thus, while UPS enables the determination of relative energy barriers for photoemission 
of electrons with opposite helicity from chiral organic films, a disadvantage of our 
measurement strategy is the inability to detect differences in photoelectron yield. 
 
III.D. Conclusions and Prospects 
In conclusion, we demonstrated that photoelectrons emitted by ionization of chiral 
molecular films using unpolarized ultraviolet radiation can be spin polarized by indirectly 
measuring the capability of FM substrates to neutralize spin-polarized holes remaining 
within the assemblies. Differences in ultraviolet photoelectron spectra that depended on 
substrate magnetization were measured from monolayers of -helical peptides and films of 
thermally denatured proteins lacking -helical secondary structures composed of L-amino 
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acid monomers. We hypothesize that these results are due to dissymmetric scattering 
probabilities of low-energy secondary electrons with opposite helicity originating from both 
underlying metal surfaces and chiral molecules due to the asymmetric arrangement of atoms 
within the films as described by the CISS effect. This hypothesis was tested using UPS and 
spin-valve device architectures to deconvolute 𝐼 and 𝜙 attributed to the buildup of spin-
polarized holes upon film ionization and the relative energy barriers to transmission of spin 
up vs spin down electrons through chiral molecules, respectively.  
Furthermore, while the spin polarization of photoelectrons transmitted through 
chiral molecular assemblies may be measured using specialized experimental methods 
(i.e., the use of a Mott polarimeter), this work establishes figures of merit to measure spin 
selectivity that can be assessed more readily by other research groups and compared with 
varying molecular systems. Our experimental protocol to measure the magnetization-
dependent 𝜙 of chiral molecule assemblies on FM substrates is highly generalizable, and will 
provide new mechanistic insight into spin polarization by chiral molecules. Correlating 
experimental measurements of these barriers with new and evolving theoretical models will 
be critical to develop a foundational understanding of the CISS effect. 
 121 
III.E. Materials and Methods 
III.E.1. Materials 
Bovine serum albumin (BSA), 11-mercapto-1-undecanethiol hydrochloride (AUT), acetone, 
and 0.01 M phosphate buffered saline, (PBS, [NaCl]=138 mM, [KCl]=2.7 mM, pH 7.4), and 
dimethyl sulfoxide (DMSO), were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Absolute ethanol was purchased from Decon Laboratories, Inc. (King of Prussia, PA, USA). 
Deionized water (∼18 MΩ) was obtained from a Millipore water purifier (Billerica, MA, USA). 
Oligopeptides were purchased from Bio Synthesis, Inc. (Lewisville, TX, USA) with a sequence 
of (N  C) [K(Aib)A(Aib)A]6KC, where K = lysine, Aib = α-aminoisobutyric acid, A = alanine, 
and C = cysteine. Left- and right-handed α-helical sequences, referred to as D- and L-peptides, 
respectively, were identical except that left-handed α-helical sequences (D-peptide) 
contained the D form of all K, A, and C residues, while right-handed α-helical sequences 
(L-peptide) contained the L form of all K, A, and C residues. Unless otherwise noted, the 
convention “left” and “right” refers to the helical handedness. 
 
III.E.2. Ferromagnetic Multilayer Thin Film Growth and Surface Preparation 
Thin films with perpendicular magnetic anisotropy were fabricated on glass substrates using 
a multi-cathode magnetron sputtering system with a base pressure of < 3×10-8 Torr. The 
stacking structure of samples was glass substrate/Ta 3/Pt 2/[Co 0.6/Pt 0.3]69/Co 0.6/Au 1 
(layers in nm). The deposition was performed in an Ar gas atmosphere and the temperature 
was fixed at room temperature. The Ar pressure during the sputtering was 10 mTorr for the 
Co and Pt layers and 2.7 mTorr for the Ta and Au layers. Prior to functionalizing the 
substrates, FM substrates were cleaned by thorough rinsing with acetone and ethanol before 
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being blown dry with N2. The films were characterized using a MPMS 3 superconducting 
quantum interference device (SQUID) magnetometer (Quantum Design, Inc., San Diego, CA). 
Prior to the functionalization of the FM thin film surfaces and photoelectron 
spectroscopy measurements, each sample (ca. 30 mm2) was magnetized up or down within 
the SQUID magnetometer by applying a magnetic field perpendicular to the plane of the 
surface. For surfaces magnetized to saturation, a field of +12 kOe or -12 kOe was applied to 
magnetize the substrates up or down, respectively. For surfaces magnetized at 
approximately half of their saturation magnetization, a field of -12 kOe or +12 kOe was 
applied first, followed by application of a field of +7 kOe or -7 kOe to magnetize the substrates 
up or down, respectively. 
 
III.E.3. Ferromagnetic Multilayer Thin Film Surface Functionalization 
Pure monolayers of L- and D-peptides were prepared by immersing clean FM substrates in 
0.5 mM solutions of the peptides (1:11 DMSO:PBS) for 48 h. Mixed monolayers of L- and D-
peptides were formed from racemic (1:1 mole:mole) 0.5 mM solutions. Solid peptides were 
first dissolved in DMSO, and diluted to 0.5 mM with PBS. Both DMSO and PBS were degassed 
with N2 for at least 1 h prior to solution preparation to minimize oxidation of the cysteine 
residues resulting in disulfide formation. Following monolayer formation, substrates were 
rinsed with deionized water and blown dry with N2. Rinsing and drying steps were 
performed twice. 
Preparation of BSA and denatured BSA (dBSA) films began with the formation of self-
assembled monolayers of AUT formed on clean FM thin films by immersing substrates in a 
1 mM ethanolic solution of AUT for 18 h. The substrates were then rinsed with ethanol and 
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blown dry with N2 and immersed in 1 mg/mL solutions of BSA in PBS for 48 h to prepare 
BSA films electrostatically adsorbed to the AUT SAMs. To prepare sample surfaces 
functionalized with denatured BSA, stock solutions of 1 mg/mL BSA in PBS were first heated 
at 95 °C for 30 min and cooled slowly to room temperature before incubating with AUT-
functionalized substrates. Following monolayer preparation, substrates were rinsed with 
deionized water and blown dry with N2.  
 
III.E.4. Circular Dichroism Spectroscopy  
Measurements were carried out on a J-715 circular dichroism spectrophotometer (JASCO 
Inc., Easton, MD, USA) at room temperature with four scans per sample. The resolution was 
0.5 nm, the bandwidth was 1.0 nm, the response time was 8 s, and the collection speed was 
20 nm/min. Average scans are shown after baseline subtraction of spectra taken with just 
ethanol (for peptides) or PBS (for BSA and dBSA). 
 
III.E.5. Ellipsometry  
Measurements were carried out in ambient conditions using an LSE Stokes Ellipsometer 
(Gaertner Scientific Corporation, Skokie, IL, USA), utilizing a 632.8 nm HeNe laser measuring 
beam with a 70° angle of incidence. Optical constants for FM multilayers were referenced 
from the literature for similar material stacks.49 The refractive indices and extinction 
coefficients of organic layers were set to 1.5 and 0 respectively, a standard approximation in 
the ellipsometric measurement of organic thin films using visible light.50,51 Thicknesses were 
calculated from an average of 5 measurements per sample. All samples were prepared as 
outlined above. 
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III.E.6. Infrared Reflection-Absorption Spectroscopy 
Measurements were performed using a Nicolet 6700 FT-IR (Thermo Electron Corporation, 
Madison, WI, USA) in reflectance mode with infrared light incident at ca. 70° relative to the 
surface normal. Spectra with 512 scans and a resolution of 4 cm-1 were collected for all cases. 
Samples of L- and D-peptide SAMs on FM substrates were prepared as described above. For 
sufficient signal to noise ratios, samples of BSA and dBSA were prepared by vacuum drying 
50 mg/mL and 1 mg/mL solutions in PBS on AUT SAMs on FM substrates. The infrared 
reflection-absorption spectra therefore do not reflect the exact structure of the proteins on 
samples used for photoelectron spectroscopy measurements, but can be used to compare 
empirically structural differences between films of native BSA and its thermally denatured 
forms.  
 
III.E.7. Atomic Force Microscopy  
Bare and functionalized FM multilayer thin film surfaces were imaged by AFM using a 
Dimension Icon scanning probe microscope (Bruker, Billerica, MA). Surface topographies 
and mechanical properties were simultaneously measured using the PeakForce Quantitative 
Nanomechanical Property Mapping (PeakForce QNM) mode. ScanAsyst-Air cantilevers 
(Bruker, spring constant = 0.4 ± 0.1 N m-1, resonant frequency = 70 kHz) were calibrated 
with a clean piece of silicon wafer before every measurement. A peak-force set-point of 400 
pN and a scan rate of 1 Hz was maintained for all measurements. The Nanoscope Analysis 
software (Bruker) was used to analyze and to calculate root mean square (Rq) and average 
(Ra) roughnesses for all images. Average grain areas were determined via the watershed 
algorithm using Gwyddion.52,53 
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III.E.8. Surface Characterization by X-Ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy of FM multilayer thin film surfaces was done using an AXIS 
Ultra DLD photoelectron spectrometer (Kratos Analytical Inc., Chestnut Ridge, NY) and a 
monochromatic Al K X-ray source with a 200 μm circular spot size under ultrahigh vacuum 
(10-9 Torr). The heights of all samples were optimized prior to spectral acquisition to 
maximize the signal to noise. High-resolution spectra of C 1s, O 1s, N 1s, Co 2p, Pt 4f, and Au 
4f were acquired at a pass energy of 20 eV using a 300 ms dwell time. For all scans, 15 kV 
was applied with an emission of 15 mA. An average of 15 scans were collected for each of the 
high-resolution spectra. X-Ray photoelectron spectra were fit with the CasaXPS Software 
Version 2.3.17PR1.1 using a Shirley background and Gaussian-Lorentzian peak shapes.  
 
III.E.9. Surface Characterization by Ultraviolet Photoelectron Spectroscopy 
Measurements of FM multilayer thin film surfaces (N = 6 to 10 substrates per experimental 
condition) were done using a Kratos Axis Ultra DLD photoelectron spectrometer (Kratos 
Analytical, Manchester, UK) and a He I excitation source (21.2 eV) under a -9 V bias between 
the samples and detector. The heights of all samples were optimized prior to spectral 
acquisition to maximize the signal to noise. Spectra were acquired at a pass energy of 5 eV 
with a 100 ms dwell time and aperture size of 100 m. Three spectra were obtained per 
sample on different areas of each surface. Independent substrates with magnetization 
parallel (up) or antiparallel (down) to the surface normal were used to avoid organic film 
degradation due to UV light irradiation. The incident angle of UV irradiation was fixed at 35° 
relative to the plane of the surface for all measurements.  
The energies of the secondary electron cutoffs and Fermi edges (onsets and offsets) 
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were measured at the x-intercept of the maximum slope of their rising edges using linear fits 
to the data of every spectrum using the OriginPro graphing software (OriginLab, 
Northampton, MA). Spectra were fit with a Shirley background to account for uneven 
baselines using CasaXPS Software Version 2.3.17PR1.1. Values of secondary electron peak 
intensities and total integrated areas were obtained using command features within this 
software. For all experimental conditions, the secondary electron peak intensities, integrated 
areas of the full spectra, binding energy values of the secondary electron cutoff, the binding 
energy values of the Fermi edges, spectrum widths, 𝜙, and 𝐼 are tabulated in Tables SIII.1 
and SIII.2, below. 
 
III.E.10. Spin Valve Fabrication and Testing 
Prime quality 4″ Si{100} wafers (P/B, 0.001-0.005 Ω·cm, thickness 500 μm) were purchased 
from Silicon Valley Microelectronics, Inc. (Santa Clara, CA, USA), and were cut into pieces of 
1.5 cm × 1.5 cm before fabrication of devices. Shadow masks were purchased from Photo 
Sciences, Inc. (Torrance, CA, USA). Titanium and gold of 10 and 50 nm thicknesses, 
respectively, were deposited sequentially using an electron-beam evaporator (CHA 
Industries, SOLUTION, Fremont, CA, USA) through shadow masks under high vacuum (base 
pressure of 10-8 Torr) with an evaporation rate of 1 Å s-1 to form the bottom electrodes 
(100 m width). 
 Bottom Au electrodes were functionalized with AUT SAMs and thin films of 
electrostatically adsorbed BSA and dBSA as described above. Top electrodes consisting of an 
Al2O3 (7 nm) tunneling barrier and Ni (150 nm) were deposited sequentially by electron-
beam evaporation through shadow masks rotated 90° to the original configuration under 
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high vacuum (base pressure of 10-6 Torr) at a rate of 1 Å s-1 and 2 Å s-1, respectively.  
 Electronic measurements were performed on a manual analytical probe station 
(Signatone, Gilroy, CA) using a Keithley 4200A (Tektronix, Beaverton, OR) semiconductor 
parameter analyzer. Current-voltage (I-V) curves were obtained by measuring the current 
between top and bottom electrodes while sweeping the voltages from –2 V to 2 V with a step 
size of 10 mV. During measurements, a cylindrical neodymium-iron-boron magnet of 
ca. 0.3 T (K&J Magnetics, Pipersville, PA, USA) was placed directly beneath substrates. Under 
field-up (down) conditions, the north (south) pole of the magnet was flush with the backside 
of the substrates. For each external magnetic field condition, 180 separate junctions were 
tested across three individually prepared substrates. 
 
III.E.11. Statistics 
GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA) was used to perform 
statistical analyses. Probabilities P < 0.05 were considered statistically significant, and 
throughout the main text and Supplementary Information file, data are reported as mean 
values ± standard errors of the mean. Two-tailed, unpaired t-tests were used to compare the 
secondary electron peak intensities and integrated areas of the full ultraviolet photoelectron 
spectra for substrates magnetized up vs down under every experimental condition, and to 
compare 𝐼 calculated for L-peptide SAMs and dBSA films on AUT SAM-functionalized FM 
substrates under charge neutralization, 𝜙 under all conditions, 𝐼 of FM substrates 
functionalized with AUT SAMs, and 𝐼 of FM substrates functionalized with mixed monolayers 
of L- and D-peptides magnetized up vs down at full saturation (Table SIII.4).  
 Ionization energy values for FM substrates magnetized at full and sub-saturation and 
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modified with SAMs of L- and D-peptides, and with BSA and dBSA films electrostatically 
bound to AUT SAMs, were evaluated by two-way analysis of variance followed by Bonferroni 
post hoc tests if significance was determined in the interaction or in the main effect of 
substrate magnetization orientation (Table SIII.5). 
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Figure SIII.1. Representative high-resolution X-ray photoelectron spectra of bare ferromagnetic 
substrates showing (a) Co 2p, (b) Pt 4f, and (c) Au 4f regions. Peaks in (a) were fit according to 
previous reports.54 
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Table SIII.1. Secondary electron peak intensities and integrated areas of entire spectra for bare 
ferromagnetic substrates, and substrates functionalized with organic films as indicated in the left-
hand column when samples were magnetized up or down (↑ or ↓) and magnetized with ±12 kOe or 
±7 kOe applied fields. The errors represent standard errors of the means. SAM: self-assembled 
monolayer; AUT: 11-amino-1-undecanethiol; BSA: bovine serum albumin; dBSA; thermally 
denatured bovine serum albumin.  
Condition Field (kOe) 
Secondary Electron Peak 
Intensity (a.u.) 
Integrated Area (a.u.*eV) N 
Bare substrates 12 
↑ 139980 ± 3660 576030 ± 14100 9 
↓ 137880 ± 9560 477410 ± 28320 8 
AUT SAM 12 
↑ 480170 ± 11110 1236220 ± 25100 9 
↓ 476270 ± 11530 1232330 ± 24250 9 
L- and D-Peptide 
Mixed SAM 
12 
↑ 95040 ± 3010 460730 ± 10540 8 
↓ 97000 ± 3520 478590 ± 16600 8 
L-Peptide SAM 
12 
↑ 127590 ± 7760 641490 ± 31340 10 
↓ 111620 ± 7930 585400 ± 38360 10 
7 
↑ 162170 ± 7340 799080 ± 29380 8 
↓ 150840 ± 5600 752250 ± 24420 8 
D-Peptide SAM 
12 
↑ 128240 ± 7390 651210 ± 27310 10 
↓ 132830 ± 10200 666430 ± 34210 10 
7 
↑ 83560 ± 9680 411960 ± 31040 7 
↓ 94250 ± 4840 465520 ± 21270 8 
AUT SAM + BSA 
12 
↑ 320170 ± 5300 1236170 ± 21310 10 
↓ 314530 ± 8340 1227050 ± 32940 9 
7 
↑ 322190 ± 16670 1291220 ± 61190 9 
↓ 327390 ± 12870 1316720 ± 46760 8 
AUT SAM + dBSA 
12 
↑ 381590 ± 7570 1424330 ± 26170 10 
↓ 389230 ± 11060 1455510 ± 37110 8 
7 
↑ 235920 ± 7100 94800 ± 22650 10 
↓ 251720 ± 6740 994360 ± 22930 10 
AUT SAM + dBSA 
(charge neutralized) 
12 
↑ 48230 ± 2200 187390 ± 5200 6 
↓ 45320 ± 1590 178110 ± 5800 8 
L-Peptide SAM 
(charge neutralized) 
12 
↑ 20780 ± 1530 87790 ± 4790 9 
↓ 20180 ± 1020 90320 ± 4140 10 
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Table SIII.2. Binding energies of the secondary electron cutoffs (𝐸𝐵
𝑚𝑎𝑥) and valence band 
(Fermi) edges (𝐸𝐵
𝑚𝑖𝑛), spectra widths (W), work functions (𝜙), and ionization energies (𝐼) 
determined from ultraviolet photoelectron spectra when samples were magnetized up or 
down (↑ or ↓) and magnetized with ±12 kOe or ±7 kOe applied magnetic fields. The errors 
represent standard errors of the means. SAM: self-assembled monolayer; AUT: 11-amino-1-
undecanethiol; BSA: bovine serum albumin; dBSA; thermally denatured bovine serum 
albumin. 
Condition 
Field 
(kOe) 
𝑬𝑩
𝒎𝒂𝒙 (eV) 𝑬𝑩
𝒎𝒊𝒏 (eV) W (eV) 𝝓 (eV) 𝑰 (eV) N 
Bare substrates 12 
↑ 16.68 ± 0.01 0.01 ± 0.01 16.67 ± 0.01 4.52 ± 0.01 - 9 
↓ 16.67 ± 0.00 0.01 ± 0.01 16.67 ± 0.01 4.53 ± 0.00 - 8 
AUT SAM 12 
↑ 17.19 ± 0.01 1.24 ± 0.01 15.95 ± 0.01 4.01 ± 0.01 5.25 ± 0.01 9 
↓ 17.19 ± 0.01 1.25 ± 0.01 15.94 ± 0.01 4.01 ± 0.01 5.26 ± 0.01 9 
L- and D-Peptide 
Mixed SAM 
12 
↑ 17.08 ± 0.01 3.09 ± 0.01 13.99 ± 0.01 4.12 ± 0.01 7.21 ± 0.01 8 
↓ 17.07 ± 0.01 3.09 ± 0.01 13.98 ± 0.01 4.13 ±0.01 7.22 ± 0.01 8 
L-Peptide SAM 
12 
↑ 17.13 ± 0.02 3.04 ± 0.01 14.09 ± 0.03 4.07 ± 0.02 7.11 ± 0.03 10 
↓ 17.12 ± 0.02 3.13 ± 0.02 14.00 ± 0.01 4.08 ± 0.02 7.20 ± 0.01 10 
7 
↑ 17.20 ± 0.03 3.15 ± 0.02 14.05 ± 0.02 4.00 ± 0.03 7.15 ± 0.02 8 
↓ 17.20 ± 0.02 3.15 ± 0.02 14.05 ± 0.02 4.00 ± 0.02 7.15 ± 0.02 8 
D-Peptide SAM 
12 
↑ 17.06 ± 0.02 3.03 ± 0.02 14.03 ± 0.02 4.14 ± 0.02 7.17 ± 0.02 10 
↓ 17.14 ± 0.04 3.10 ± 0.04 14.04 ± 0.01 4.10 ± 0.02 7.16 ± 0.01 10 
7 
↑ 17.11 ± 0.06 3.07 ± 0.04 14.04 ± 0.03 4.09 ± 0.06 7.16 ± 0.03 7 
↓ 17.11 ± 0.03 3.09 ± 0.01 14.02 ± 0.03 4.09 ± 0.03 7.18 ± 0.03 8 
AUT SAM + BSA 
12 
↑ 17.36 ± 0.01 3.55 ± 0.01 13.82 ± 0.00 3.84 ± 0.01 7.38 ± 0.00 10 
↓ 17.36 ± 0.01 3.57 ± 0.00 13.79 ± 0.01 3.84 ± 0.01 7.41 ± 0.01 9 
7 
↑ 17.31 ± 0.02 3.50 ± 0.01 13.81 ± 0.01 3.89 ± 0.02 7.39 ± 0.01 9 
↓ 17.31 ± 0.01 3.51 ± 0.02 13.81 ± 0.01 3.89 ± 0.01 7.40 ± 0.01 8 
AUT SAM + dBSA 
12 
↑ 17.78 ± 0.01 3.86 ± 0.01 13.92 ± 0.01 3.42 ± 0.01 7.28 ± 0.01 10 
↓ 17.82 ± 0.02 3.86 ± 0.01 13.96 ± 0.01 3.38 ± 0.02 7.24 ± 0.01 8 
7 
↑ 17.64 ± 0.02 3.71 ± 0.02 13.92 ± 0.01 3.57 ± 0.02 7.28 ± 0.01 10 
↓ 17.65 ± 0.01 3.72 ± 0.01 13.93 ± 0.01 3.55 ± 0.01 7.27 ± 0.01 10 
AUT SAM + dBSA 
(charge neutralized) 
12 
↑ 17.28 ± 0.01 3.23 ± 0.03 14.05 ± 0.03 3.92 ± 0.01 7.15 ± 0.03 6 
↓ 17.27 ± 0.02 3.21 ± 0.02 14.06 ± 0.01 3.93 ± 0.02 7.14 ± 0.01 8 
L-Peptide SAM 
(charge neutralized) 
12 
↑ 17.10 ± 0.02 3.01 ± 0.02 14.09 ± 0.02 4.10 ± 0.02 7.12 ± 0.02 9 
↓ 17.02 ± 0.01 2.92 ± 0.03 14.10 ± 0.03 4.18 ± 0.01 7.10 ± 0.03 10 
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Figure SIII.2. Molar ellipticity (ϴ) as a function of wavelength for L- and D-peptides in ethanol. 
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Figure SIII.3. Representative amide I and II band region of infrared reflection-absorption spectra of 
(a) L-peptide and (b) D-peptide self-assembled monolayers on ferromagnetic substrates. 
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Table SIII.3. Average thicknesses of organic films on ferromagnetic substrates measured by 
ellipsometry. The errors represent standard errors of the means. SAM: self-assembled monolayer; 
AUT: 11-amino-1-undecanethiol; BSA: bovine serum albumin; dBSA; thermally denatured bovine 
serum albumin. 
 
 
 
 
 
 
 
 
Condition Film Thickness (nm) N 
L-Peptide SAM 3.7 ± 0.5 7 
D-Peptide SAM 1.9 ± 0.3 10 
L- and D-Peptide SAM 
(racemic solution) 
3.1 ± 0.5 6 
AUT SAM 1.6 ± 0.1 6 
AUT SAM + BSA 7.1 ± 0.4 6 
AUT SAM + dBSA 9.4 ± 0.4 6 
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Figure SIII.4. (a) Representative ultraviolet photoelectron spectra of self-assembled monolayers 
(SAMs) of L- and D-peptides formed from racemic mixtures in solution on ferromagnetic substrates 
magnetized up (red) or down (blue) at full saturation (magnetized with ±12 kOe magnetic field). 
(b) Ionization energy values of the surfaces magnetized up (red) or down (blue) at full saturation 
calculated from the ultraviolet photoelectron spectra. Error bars represent standard error of the 
means; ns is not significant (P > 0.05). 
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Figure SIII.5. Molar ellipticity (ϴ) as a function of wavelength for bovine serum albumin (BSA) and 
thermally denatured bovine serum albumin (dBSA) in phosphate-buffered saline. 
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Figure SIII.6. Representative amide I and II band region of infrared reflection-absorption spectra of 
bovine serum albumin (BSA, solid line) and thermally denatured bovine serum albumin (dBSA, 
dashed line) films on ferromagnetic substrates. 
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Figure SIII.7. Representative high-resolution X-ray photoelectron spectra showing C 1s, N 1s, and O 
1s regions as indicated in each plot for (a) ferromagnetic (FM) substrates functionalized with 11-
amino-1-undecanethiolate (AUT) self-assembled monolayers (SAMs), (b) bovine serum 
albumin (BSA) films on AUT SAMs on FM substrates, and (c) thermally denatured BSA (dBSA) films 
on AUT SAMs on FM substrates. Chemical states in (a),54-58 and (b,c)59,60 were assigned in agreement 
with previous reports. 
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Figure SIII.8. (a) Representative ultraviolet photoelectron spectra of ferromagnetic substrates 
functionalized with achiral 11-amino-1-undecanethiolate (AUT) self-assembled monolayers (SAMs) 
and magnetized up (red) or down (blue) at full saturation (magnetized with ±12 kOe magnetic field). 
(b) Ionization energy values of the surfaces magnetized up (red) or down (blue) at full saturation 
calculated from the ultraviolet photoelectron spectra. Error bars represent standard error of the 
means; ns is not significant (P > 0.05). 
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Figure SIII.9. Magnified secondary electron cutoff region of a representative ultraviolet 
photoelectron spectra of thermally denatured BSA films assembled on 11-amino-1-undecanethiolate 
self-assembled monolayers on ferromagnetic substrates magnetized up with +12 kOe magnetic field 
displaying the charging effect (shift to higher binding energies) of sequential scans on the same 
sample. 
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Figure SIII.10. (a-h) Representative atomic force microscopy topography and adhesion maps for 
(a,e) bare ferromagnetic (FM) surfaces, (b,f) 11-amino-1-undecanethiol (AUT) self-assembled 
monolayers (SAMs) of FM surfaces, (c,g) bovine serum albumin (BSA) films on AUT SAM-
functionalized FM surfaces, and (d,h) and denatured bovine serum albumin (dBSA) films on  AUT 
SAM-functionalized FM surfaces. Corresponding root mean square (Rq) and average (Ra) roughnesses 
are reported for all topography maps(a-h), and average grain areas are reported for (a-d). 
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Table SIII.4. Results of two-tailed, unpaired t-tests to compare secondary electron peak 
intensities, integrated areas, work functions (𝜙),  and ionization energies (𝐼) between sample 
magnetization orientations (↑ vs ↓). SAM: self-assembled monolayer; AUT: 11-amino-1-
undecanethiol; BSA: bovine serum albumin; dBSA; thermally denatured bovine serum 
albumin. 
Condition 
Secondary 
Electron 
Peak 
Intensity 
Integrated 
Area 𝝓 𝑰 
Bare substrates P > 0.05 P > 0.05 P > 0.05 - 
AUT SAM P > 0.05 P > 0.05 P > 0.05 P > 0.05 
L- and D-Peptide Mixed 
SAM 
P > 0.05 P > 0.05 P > 0.05 P > 0.05 
L-Peptide SAM P > 0.05 P > 0.05 P > 0.05 - 
L-Peptide SAM P > 0.05 P > 0.05 P > 0.05 - 
D-Peptide SAM P > 0.05 P > 0.05 P > 0.05 - 
D-Peptide SAM P > 0.05 P > 0.05 P > 0.05 - 
AUT SAM + BSA P > 0.05 P > 0.05 P > 0.05 - 
AUT SAM + BSA P > 0.05 P > 0.05 P > 0.05 - 
AUT SAM + dBSA P > 0.05 P > 0.05 P > 0.05 - 
AUT SAM + dBSA P > 0.05 P > 0.05 P > 0.05 - 
AUT SAM + dBSA 
(charge neutralized) 
P > 0.05   P > 0.05  P > 0.05 P > 0.05 
L-Peptide SAM 
(charge neutralized) 
P > 0.05   P > 0.05 P < 0.01  P > 0.05 
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Table SIII.5. Results of two-way analyses of variance of ionization energy (I) with main effects of 
magnetization orientation (↑ vs ↓) and applied magnetization field (±12 kOe or ±7 kOe). SAM: self-
assembled monolayer; AUT: 11-amino-1-undecanethiol; BSA: bovine serum albumin; dBSA; 
thermally denatured bovine serum albumin. 
 
Interaction 
Term 
Magnetization 
Orientation 
Magnetization 
Field 
L-Peptide SAM 
(Figure III.3d) 
F(1,31) = 5.21 
P < 0.05 
F(1,31) = 5.49 
P < 0.05 
F(1,31) = 0.07 
P > 0.05 
D-Peptide SAM 
(Figure III.3e) 
F(1,32) = 0.37 
P > 0.05 
F(1,32) = 0.01 
P > 0.05 
F(1,32) = 0.03 
P > 0.05 
AUT SAM + BSA 
(Figure III.4d) 
F(1,32) = 1.23 
P > 0.05 
F(1,32) = 3.00 
P > 0.05 
F(1,32) = 0.24 
P > 0.05 
AUT SAM + dBSA 
(Figure III.4e) 
F(1,34) = 4.13 
P < 0.05 
F(1,34) = 5.35 
P < 0.05 
F(1,34) = 1.65 
P > 0.05 
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Biological Implications and 
Technological Applications of the 
Chiral-Induced Spin Selectivity Effect 
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IV.A. Introduction 
Due to the prevalence of chirality in Nature, the role of electron spin in biologically relevant 
chemical reactions that involve electron transfer may be more important than previously 
considered. Furthermore, potential technological applications that range from information 
storage and memory technologies to photocatalytic water splitting can benefit from the 
fundamental understanding of small-molecule chirality and resulting control of electron spin 
at room temperature.1 Herein, I summarize the experiments and results that have 
demonstrated biological precedent of the CISS effect, and the most promising examples of 
chiral molecule implementation within possible device architectures. 
 
IV.B. Biological Implications  
IV.B.1. Homochirality in Nature 
With few exceptions,2,3 nearly all naturally occurring amino acids are of L-form, while 
carbohydrates exist as D-form. Supramolecular and hierarchically more complex assemblies 
of peptides, proteins, and nucleic acids also follow this trend by exhibiting helical secondary 
and tertiary structures. For example, the most common form of DNA under physiological 
conditions is the right-handed double helix (B-form). The persistence of not only the 
structural complexity of chiral molecules and higher-order structures, but also of this 
homochirality in Nature, has fascinated researchers since the time of Pasteur,4 yet 
explanations of its origin remain elusive.5,6 It is interesting to question whether 
homochirality was a necessary precondition for the emergence of life, or a predictable result 
of evolution. 
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 Generally, a stepwise explanation of homochirality is accepted that involves first 
symmetry-breaking events followed by asymmetric amplification. The amplification of small 
enantiomeric excess has been experimentally realized,7 although perhaps not under 
conditions that represent the primordial Earth. Explanations of the symmetry-breaking step, 
however, has seen more heated debates.8-11 While some processes have been proposed that 
could have led to symmetry breaking on Earth, an extraterrestrial origin is also possible.12-15 
The universe may be racemic, but observations of local enantiomeric excess exist. For 
example, excess of L-amino acids found on the Murchison meteorite have been found, which 
also supports the extraterrestrial hypothesis.16 In addition, the first chiral molecules were 
recently discovered in deep space, 28,000 light years away from our planet and near the 
center of the Milky Way galaxy, by analyzing radio frequency signals attributed to gaseous 
propylene oxide collected by radio telescopes.17 While it has not yet been determined 
whether the molecules were in enantiomeric excess, the results are nevertheless exciting 
because the material in this interstellar region is closest to the earliest stages of evolution of 
a solar system. 
Successful demonstration of asymmetric photolysis of chiral molecules due to 
circular dichroism, or preferential adsorption of circularly polarized light by one enantiomer 
over another, was reported as early as 1929.18,19 However, while circularly polarized 
infrared radiation has been detected in star-forming regions of the Orion nebula,20 natural 
circularly polarized radiation in the UV region (necessary for photolysis) of the 
electromagnetic spectrum has yet to be confirmed, limiting the prospects of this mechanism 
to lead to enantiomeric excess.21-23 Other sources of circularly polarized light may have been 
-decay, for example of 60Co.24 As discussed in Chapter I, parity violation in -decay that leads 
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to emission of spin-polarized electrons has been hypothesized to contribute to spin-
dependent chemical reactions.25 Our work has demonstrated that photoelectrons emitted 
from chiral molecular assemblies by sufficiently ionizing (unpolarized) UV radiation leave 
behind spin-polarized holes (Chapter III), providing another possible source of low-energy 
spin-polarized electrons that may react selectively or preferentially with enantiomers.26 
While the origins and propagation of homochirality remain elusive, the discovery of the CISS 
effect, coupled to extensive research conducted in the last 20 years aimed to test spin-
dependent and enantioselective interactions between electrons and chiral biomolecules, 
have contributed new pieces to the puzzle. 
 
IV.B.2. Highly Efficient Charge Transfer via Chiral Biomolecules  
The influence of magnetic field perturbations on biochemical processes are generally 
negligible,27 with few potential exceptions.28 Thus, the importance of spin in dictating 
electrochemical reactions in biology is thought to be minor. However, one of the most likely 
examples of how the CISS effect may be manifested in biological processes is in long-range 
charge transfer.29 In saturated organic compounds, electrons are confined within the length 
scale of a single chemical bonds (ca. 1-2 Å), while in conjugated molecules, electrons can be 
delocalized across multiple atoms. This charge delocalization enables artificial organic 
conductors or semiconductors with narrow band-gaps (energy gap between HOMO and 
lowest unoccupied molecular orbital, LUMO) to move electrons and holes over distances up 
to ten times farther than saturated systems in single reaction “steps”.30 However, in biology, 
charge transport through chiral systems, which are composed predominately of saturated 
chemical bonds, is surprisingly efficient.31,32 Examples include charge transfer processes in 
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photosynthesis and in respiration. Figure IV.1 compares the conductances of artificial 
saturated and conjugated molecular systems with proteins as a function of charge transfer 
distances, and indeed, compared to saturated compounds of comparable size, proteins 
display more efficient charge transfer. 
 
 
As described by the CISS effect, the helicity of the transferred electrons and of the 
electronic states within chiral molecules may provide an explanation to this contradiction. 
According to current theoretical models, the elastic transport of electrons through chiral 
molecules requires coupling between the linear momentum of an electron and its spin.33-35 
 
 
Figure IV.1. Current density as a function of molecule length measured within macroscopic 
contact molecular junctions for saturated molecules (pink), conjugated molecules (purple) and 
proteins (green). Inset shows a magnification of the circled group. Reproduced with permission 
from ref 32. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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The preferred helicity state of an electron should be dictated by the handedness of the helical 
potential of the molecule. Thus, if an electron is reflected back in the opposite direction due 
to backscattering, which can be significant in non-rigid biological environments due to 
thermal fluctuations, the electron would need to also flip its spin. However, due to the weak 
atomic spin-orbit coupling strengths of the compositional atoms within biomolecules, spin 
flip probabilities, and thus backscattering, are likely suppressed in chiral molecules 
compared to achiral analogues.  
 Experiments on SAMs have revealed that electron transfer through molecular films is 
sensitive to the composition, connectivity, and geometry of linking moieties.36,37 Barton and 
coworkers demonstrated that the electron-transfer rate through dsDNA SAMs adsorbed on 
Au using thiol-terminated tethers containing different numbers (n) of methylene (-CH2-) 
units was limited by charge transport through σ-bonded tethers, showing an exponential 
increase in electron transfer rate constant with decreasing n.38 In related work, our group 
measured the conductance through isolated alkyl molecules within SAMs to understand the 
contributions of molecular chain length and chemical contact, revealing an exponential 
dependence of the conductance on molecular length.39  
The electron transfer rate constant is thus proportional to exp(-L), where L is the 
length and  is a damping constant. In achiral saturated hydrocarbons,  is typically found to 
be ca. 1.0 Å-1.40,41 However, in chiral -helical oligopeptides, values of  have been calculated 
to be as low as 0.1-0.2 Å-1.42,43 Smaller electron transfer damping constants in chiral vs achiral 
molecules may be a direct result of spin polarization of charge carriers through helical 
electrostatic potentials. However, damping constants as large as 0.9-1.2 Å-1 and 1.25-1.6 Å-1 
within -sheets and -helical subunits of proteins, respectively, have been reported.44 While 
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low values of  are considered important for efficient molecular wires, high measured values 
of  do not necessarily correspond to high transconductance under all conditions.39 
Intermolecular interactions including electronic coupling between adjacent molecules and 
the nature of the electrical contacts may strongly influence the charge transfer efficiency. 
Further work, and perhaps different experimental designs, are necessary to elucidate how 
spin polarization may play a role in maximizing charge transfer rates through these systems. 
 
IV.B.3. Spin-Dependent Enantioselectivity in Intermolecular Interactions 
Understanding intermolecular interactions between chiral biomolecules is important to 
understand the stereoselectivity of chemical biological processes. Differences in 
enantioselective binding in receptor-target interactions play a pivotal role in metabolism, 
pharmacology, pharmacokinetics, and toxicology.45,46 However, accurate calculations from 
first principles of enantioselective noncovalent interactions involved in biorecognition 
remain elusive. One explanation may be that electron spin-based effects are usually not 
incorporated within the generation of molecular force fields for calculations.47,48 Michaeli et 
al. suggested a mechanism to account for the discrepancies between experiment and theory 
by increasing the interaction strength between molecules with the same handedness over 
the opposite handedness using the CISS effect (Figure IV.2).29  
In brief, when two molecules approach one another, charge polarization occurs, for 
example, due to London dispersion forces. The charge polarization within molecules is 
accompanied with spin polarization if the molecules are chiral, and the polarization ‘current’ 
results in the transient buildup of electrons of a particular spin. If the molecules are close 
enough such that orbital overlap may occur, electron exchange interactions may be 
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considered. In regions of high electron density/orbital overlap between the molecules, a 
favorable singlet-like state (electrons of opposite spin) develops if the molecules have the 
same chirality. On the other hand, a higher-energy, triplet-like state evolves (electrons with 
the same spin) if the molecules are of opposite handedness. 
 
 
 
 
 
 
 
Figure IV.2. Schematic representation of spin polarization that accompanies charge polarization 
(q+, q-) in induced dipole interactions between chiral molecules. (a) A molecule without a dipole 
moment with a symmetric charge distribution develops an asymmetry via dispersive forces when 
two molecules interact resulting in (b) an induced dipole in each molecule. (c) When molecules 
have the same handedness, the spin polarization in each molecule that develops within the region 
of overlapping electron density between the molecules is opposite, and can be represented as a 
singlet state. (d) If the molecules are of opposite chirality, the same spin polarization of electrons 
develops in the electron overlap region, represented as an unfavorable triplet state.  Reproduced 
with permission from ref 29. Copyright 2016 The Royal Society of Chemistry. 
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Naaman and coworkers subsequently tested the hypothesis that spin polarization 
occurs with charge polarization for chiral peptides using Hall effect devices composed of 
gallium nitride (GaN)/aluminum gallium nitride (AlGaN) films grown on sapphire substrates 
and functionalized with SAMs of organic monolayers (Figure IV.3).49 The Hall effect 
 
 
Figure IV.3. (a-c) Schematic representation of a solution-exposed chiral molecule-functionalized 
gallium nitride/aluminum gallium nitride (GaN/AlGaN) Hall bar device (not to scale). Hall 
voltages (VH) are measured between H1 and H2 while current flowing between source (S) and 
drain (D) electrodes (ISD) within a two-dimensional free electron gas are subjected to a voltage 
pulse (VG) from a gate (G) electrode. Charge polarization within adsorbed chiral molecules from 
the gate pulses is accompanied by spin polarization. (d,e) Hall measurement dependent on gate 
voltage conducted on devices functionalized with chiral L- (red, green) or D- (blue) -helical 
oligopeptides, or achiral molecules (black). (f,g) Time-dependent Hall potential in devices 
functionalized with L--helical oligopeptides using a VG of -10 V to 10 V. Reproduced from ref 49. 
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describes the buildup of a voltage perpendicular to the direction of current across a 
conductor when a magnetic field is applied normal to the surface of the conducting material. 
The experiments were designed to measure Hall voltages resulting from transient magnetic 
fields acting on charge carriers within the two-dimensional electron gas at GaN/AlGaN 
interfaces.50 The magnetic fields were generated within chiral SAMs upon polarization of the 
films with an external electrode, and resulting spin polarization. Chiral organic films of 
opposite handedness produced Hall voltages of opposite signs, implying that transient 
magnetic fields were generated in opposite directions upon polarization with pulsed electric 
fields.  
Although the spin-related contributions to enantioselective interactions between 
molecules may only be relevant at short distances, that is, on the order of van der Waals radii 
(<0.5 nm),51 the effect may be nevertheless significant. Indeed, substrate-protein interaction 
distances may often occur over distances of 0.3 nm or less.52,53 The results of these 
experiments suggest that quantum mechanical effects in biology resulting from CISS may 
extend beyond long-range electron transfer and redox reactions to govern intermolecular 
forces.54 This effect may be amplified in larger molecules that employ recognition across 
multiple functional groups, simultaneously. 
 
IV.C. Incorporating Chiral Molecules within Next-Generation Spintronics Devices 
IV.C.1. Spin-Valve Device Architectures  
Currently, most logic-based solid-state transistors operate on the principle of charging and 
discharging capacitors to record and to store information.55 In addition to the charge of 
electrons, employing spin as an additional degree of freedom to encode information 
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promises theoretically faster and more energy efficient electronics compared to current 
technologies because the energy required to manipulate the spin of an electron should in 
principle require less energy than capacitive charging.56 Practically, the most efficient and 
compatible way to incorporate the operating principles of spintronics with existing 
complementary metal-oxide semiconductor technologies (i.e., silicon-based) would be to 
combine spin injection, such as from FM layers, into semiconducting materials with small 
spin-orbit coupling that enable long spin-diffusion lengths.57,58 However, interfacial 
(Schottky) barriers yielding resistance mismatches between FM spin injectors and 
semiconducting materials have limited progress in this direction.59,60 
Alternatively, device designs that operate on the principles of the giant 
magnetoresistance61,62 and tunnel magnetoresistance63 effects have made their way into 
commercial hard disks and magnetic memory applications. The operating principle of the 
prototypical device that take advantage of these effects, the spin valve, is based on high and 
low resistance states associated with alternating layers of FM and non-ferromagnetic 
materials (NM, Figure IV.4a). The magnetization orientation of one magnetic layer is fixed, 
while the other may be changed between parallel (low resistance) and antiparallel (high 
resistance) magnetic dipole orientations with respect to the reference layer with an external 
magnetic field. 
 Still, challenges remain. First, FM materials become superparamagnetic at the 
nanometer scale when particle sizes approach the dimensions of single magnetic domains. 
Superparamagnetic materials are susceptible to thermal fluctuations above their 
characteristic blocking temperature (dictated by the material and its geometry, though 
typically lower than room temperature). Magnetic dipole orientations, and thus information, 
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cannot be stored, and restricts miniaturization of FM components. A second challenge is to 
lock the magnetization of the reference FM layer while enabling the free layer to be switched 
with an external magnetic field when they are separated by only a few nanometers. While 
methods exist to stabilize the magnetization of the permanent layer, such as through the use 
of antiferromagnetic exchange interactions,64 these approaches are relatively expensive and 
inter-diffusion from other layers also becomes a concern. 
 
 
As a result of the CISS effect, chiral molecular assemblies offer solutions to achieve 
both higher densities of spin-transistors as well as lower costs.65 The capability of molecular 
 
 
Figure IV.4. (a) Operating principles of a conventional spin valve (left) and (b) chiral molecule-
based spin valve (right) as part of an electrical circuit. In a conventional spin valve, electrons that 
move from the left ferromagnetic (FM) layer the right FM layer through a non-ferromagnetic 
material (NM) exhibit low resistance if the magnetic layers are aligned. If the layers are anti-
aligned, the electrons face a larger barrier and resistance is higher. In a chiral molecule-based spin 
valve, only a single ferromagnetic layer is needed, and that material may be functionalized with 
D- or L- forms of chiral molecule films to produce analogous low and high resistance states that 
depend on the FM magnetization orientation and the handedness of the chiral film. 
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monolayers with thicknesses on the order of nanometers to generate or to manipulate spin-
polarized currents as passive elements at room temperature promises an overall reduction 
in device size, and is highly compatible with vertically-stacked spintronics device 
architectures. Thus, spin filters based on chiral SAMs present a paradigm shift in organic 
spintronics, offering the ability of thin organic films to not only act as tunneling barriers or 
alleviate the resistance mismatch between inorganic and organic layers, but also to act as a 
tunable and functional interface. 
 Compared to conventional spin-valve designs, chiral-molecule-based spin valve 
architectures may be envisioned that require only a single FM layer functionalized with a 
chiral film of nanometer-scale thicknesses (Figure IV.4b). Analogous high- or low-resistance 
states would be dictated by the magnetization orientation of the FM layer (out-of-plane) and 
the handedness of the organic layer rather than magnetization alignment of multiple FM 
layers. 
 Chiral tunneling barriers may be composed of molecules, polymers,66-68 or chiral-
molecule-modified nanoparticles,69 and numerous examples have been reported in which 
the current or magnetoresistance is measured as a function of the relative magnetization 
orientation of FM films or scanning probe tips. Magnetoresistance values that have been 
measured using CISS-based spin filters have reached as high as 20% at room temperature.66 
Importantly, minimal dependence of magnetoresistance on temperature has been observed. 
In contrast, with few exceptions, conventional devices utilizing inorganic materials usually 
display rapid decreases in magnetoresistance approaching room temperature.63,70 
 Yet, while we (Chapter III)26 and others31,32,71 have demonstrated the potential of 
chiral biomolecules such as proteins to serve as components within solid-state electrical 
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devices, implementation within commercial devices is likely far off. Presentation of data 
collected on conduction with and without FM analyzers (tips or films) across various 
systems with standardized procedures will alleviate the difficulties associated with 
comparing results from different measurement techniques.72 Additionally, despite early 
reports of temperature-independent magnetoresistance in chiral molecule films, 
mechanistic understanding of spin selectivity in tunneling vs hopping charge transport 
regimes through proteins, which are dependent on temperature, will be necessary for device 
optimization. 
 
IV.C.2. Information Storage and Unconventional Memory Technologies 
The magnetization orientation (that may correspond to high or low resistance states) within 
a FM nanoscale object or film may also be manipulated by spin-polarized currents as a result 
of spin-transfer torque (STT). This transfer of spin angular momentum to ferromagnetic 
domains presents a means to read and to write data that is dependent on the direction of 
charge flow with low power consumption, high density, and enhanced scalability without the 
need for external magnetic field manipulation such as in conventional spin valves.73,74 While 
materials and commercial challenges remain, these spin-transfer torque magnetoresistive 
random access memory (STT-MRAM) devices represent prime candidates to replace 
dynamic random access memory (DRAM) due to their potential for scaling below 20 nm as 
well as for other embedded, non-volatile storage media.74 
Incorporation of SAMs that have the capability to filter electron spins within 
perpendicular STT-MRAM device architectures can be accomplished through the marriage 
of well-established molecular self-assembly techniques and nanofabrication. Hypothetical 
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device designs separate two NM electrodes from a writable FM thin film via SAMs of spin 
filtering molecules. The direction of charge flow through the molecular monolayers will 
influence the preferred spin orientation of the charge carriers, thereby facilitating the 
magnetization (up or down) of the FM layer via STT at the interface, and throughout the 
entire film due to strong exchange coupling. Once the FM has been magnetized, or written, 
the electrical resistance of the cell can be measured, which is dependent on the direction of 
current flow (positive or negative bias applied between the two NM electrodes in the cell). A 
high resistance state would be expected for electrons flowing in the direction of current flow 
used to write the bit, while a low resistance state would be expected for electrons flowing in 
the opposite direction. The dual-SAM design allows the FM layer to be magnetized with 
opposite polarity by reversing the direction of current flow. 
Dor et al. recently demonstrated a magnetic memory device that utilized SAMs of 
chiral α-helical L-polyalanine as a spin-filtering layer between Au and Ni layers, exemplifying 
the capacity for spin-dependent SAMs to be utilized as device components for STT.75 
However, in their devices, the Ni layers were magnetized and written with significantly large 
voltages of -15 V and read with ±2 V. These large voltages were necessary due to the high 
current densities required for STT, estimated to be of the order of 1×106 A cm-2,76 that is, 
about 1×1025 electrons s-1 cm-2. This drawback is a substantial challenge to overcome, and 
negatively affects the performance and integrity of devices, particularly for designs that 
incorporate organic materials. In order to prevent degradation of the SAM, significantly 
lower write-currents must be used. Careful design of the FM thickness or dimensions is likely 
to result in more efficient read/write cycles by orienting the easy axis of magnetization 
parallel to the direction of current flow. Although these proof-of-principle results are 
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preliminary, the high polarization values experimentally observed and theoretically 
predicted for electron transmission through other chiral species such as dsDNA at room 
temperature, and further optimization through the mechanistic investigation of molecular 
and substrate parameters, may enable writing with lower switching-current densities for 
applications within future STT-MRAM devices. 
As an alternative to STT-MRAM technologies, Dor et al. reported on magnetization 
induced by the proximity of chiral molecules as a mechanism by which information can be 
stored (Figure IV.5).77 Here, magnetization states within soft, FM thin films with low 
coercivities could be dictated by the adsorption of chiral molecules, circumventing the need 
for an external magnetic field or current to flip magnetic domains. Similar observations have 
been observed on alkanethiol-modified nanoscopic Au that displays paramagnetic 
properties.78,79 This result is hypothesized to be due to charge transfer from Au to the S 
atoms at the Au-S interface, which creates localized 5d holes, where the d-charge loss is 
dependent on the dipole orientation and magnitude of the adsorbed molecules. When the 
substrates are FM, because charge transfer within chiral molecules is spin selective, the 
underlying magnetic film becomes spin polarized, and thus magnetized in a direction that is 
dictated by the handedness of nominally vertically oriented α-helical peptides on the surface. 
Based on this hypothesis, compared to the requirements for STT described above, only 
ca. 1×1013 electrons cm-2 are necessary to induce magnetization reversal.77 By patterning 
surfaces with chiral molecules, or by etching multilayer FM structures selectively, multi-
dimensional matrices may be envisioned in which magnetization may be controlled by 
domain wall motion in magnetic racetrack memory device architectures.80 
 
 167 
 
IV.D. Spin-Polarized Organic Light-Emitting Diodes 
Besides memory technologies and the generation and manipulation of spin-polarized 
currents for faster and more energy-efficient electronics, other technologies can benefit from 
the use of organic chiral materials to control electron or hole spin states. A bipolar spin-
polarized organic light-emitting diode (spin-OLED) was recently developed in which 
electroluminescence emission intensity is controlled by an external magnetic field with 
promises of cheaper, brighter, and more environmentally friendly OLEDs.81 In conventional 
OLEDs, injected charge carriers with random spin orientation combined to form triplet 
(S = 1) and singlet (S = 0) excitons in a 3:1 yield. Triplet excitons radiatively decay with low 
efficiency while singlet excitons radiatively decay with high yield.82 Alternatively, in the 
 
 
Figure IV.5. (a) Representative atomic force microscopy image of the topography (top) and 
magnetic phase (bottom) of L- and (b) D--helical oligopeptides patterned on ferromagnetic 
substrates that contain perpendicular magnetic anisotropy. (c) Schematic representing the 
experimental concept of magnetism induced by the proximity of chiral molecules. Top: classical 
picture. Bottom: quantum mechanical picture. Reproduced from ref 77. Copyright 2017 The 
Author(s). 
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bipolar spin-OLED device, exciton spin statistics, and therefore light emission, can be actively 
controlled by the injection of spin-polarized charge carriers through alignment (parallel or 
antiparallel) of FM electrodes.  
Analogously, SAMs of chiral spin-filtering molecules on a non-FM metal surface may 
be employed in a hypothetical spin-OLED design that utilizes only a single FM electrode, 
thereby eliminating the need to choose electrodes based on relative coercivities 
(Figure IV.6). Furthermore, the spin-filtering capacity of chiral SAMs demonstrated at room 
temperature suggest the possibility of device operation above cryogenic temperatures – a 
necessary requirement for real-world applications. Figure IV.6 depicts an example of a 
device architecture that utilizes a dsDNA SAM as a filtering component. A layer of organic 
semiconductor, such as aluminum tris(8-hydroxyquinone) (Alq3), could be thermally 
evaporated on top of the dsDNA monolayer followed by a thin (<20 nm) FM top-electrode 
(Ca/Co/Al). The Alq3 serves as the charge transporting and emitting layer. The diamagnetic 
Au layer serves as the anode that passively injects spin-polarized holes into the HOMO of 
Alq3 via spin-selective conduction through the dsDNA SAM. The thin layer of Ca lowers the 
work function of the FM Co cathode. Application of an external magnetic field perpendicular 
to the Co thin film induces out-of-plane polarization and facilitates injection of polarized 
electrons into the LUMO of Alq3. An Al capping layer would prevent corrosion. The 
electroluminescence emission may be observed through the thin top electrode.  
The spin sense of the injected holes is dictated by (and opposite to) the longitudinal 
polarization direction for electrons conducted through the chiral DNA monolayer. 
Alternatively, the spin sense of injected electrons is the same as the polarization of majority-
spin electrons in the DM Co cathode, and is determined by the external magnetic field 
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orientation. When the injected holes and electrons have an antiparallel spin sense, singlet 
formation can in principle be increased up to 50%. Sweeping the external magnetic field 
would change the polarization within Co, thereby tuning the emission intensity. The 
emission intensity could be compared with devices in which the chiral dsDNA monolayer has 
instead been replaced by a non-chiral SAM of identical thickness. Thus, in the absence of the 
spin-filtering effect, the spin orientation of injected holes will be random and lower emission 
intensities would be observed in such a homopolar configuration. 
 
 
 
 
 
 
Figure IV.6. (a) Schematic of a hypothetical bipolar spin-polarized organic light-emitting diode 
device utilizing only a single ferromagnetic electrode (not to scale). (b) Illustration of energy-level 
alignment of aluminum tris(8-hydroxyquinone) (Alq3) and metal contacts. The double-stranded 
DNA (dsDNA) self-assembled monolayer- (SAM) modified Au work function is energetically closer 
to the highest-occupied molecular orbital (HOMO) of Alq3, facilitating hole injection. The Ca insert 
between Alq3 and Co aligns the work function of the ferromagnetic electrode with the lowest-
unoccupied molecular orbital (LUMO) of Alq3 enabling efficient electron injection. 
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IV.E. Surface Spintronics for Photocatalytic Water Splitting  
Hydrogen has long been considered a promising candidate as clean chemical fuel for energy 
technologies because of its high enthalpy of combustion and because water is its oxidation 
product.83 Hydrogen may be produced by water splitting (electrolysis), however this is an 
unfavorable, uphill reaction that requires 237 kJ/mol or 1.23 eV.84-86 Practically, 
(photo)electrochemical water splitting necessitates inexpensive catalysts, electric potentials 
close to the thermodynamic limits, and high current densities.87 As such, the goal of 
sustainable generation of hydrogen at global scales has yet to be reached.88 
 The water-splitting reaction involves four electrons, yielding hydrogen molecules 
with singlet ground states and oxygen molecules with triplet ground states. Recent 
theoretical work has suggested that controlling the spin states of hydroxyl radical 
intermediates may lower the overpotentials required within electrochemical cells to drive 
electrolysis.89,90 On one hand, if the unpaired electrons on two hydroxyl radicals are aligned 
(within the laboratory frame) antiparallel to one another, they may react along a potential 
energy landscape that yields formation of unfavorable hydrogen peroxide (H2O2) 
byproducts. On the other hand, if the unpaired electrons are aligned parallel, formation of O2 
with a triplet ground state may be favored. Indeed, magnetic electrodes that utilized FM 
materials or catalysts with heavy metal atoms with large spin-orbit coupling strengths have 
been used to control electron spin alignment and achieved more efficient O2 evolution 
compared to non-magnetic electrodes.91,92 
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Mtangi et al. demonstrated that when titanium dioxide (TiO2) anodes were 
functionalized with chiral molecules including dsDNA or oligopeptides, lower overpotentials 
that are necessary for hydrogen evolution due to water splitting were measured compared 
to photoanodes coated with achiral molecules (Figure IV.7a).93 These measurements were 
performed in the dark. When CdSe nanoparticles were adsorbed on the TiO2 anodes via 
chiral molecule tethers and excited via irradiation, higher photocurrents were measured and 
corresponding higher yield of hydrogen evolution was determined at low overpotential 
values (i.e., <0.1 V) (schematic in Figure IV.7b). These results are exciting because practical 
 
 
Figure IV.7. (a) Current density measured as a function of voltage vs a Ag/AgCl reference 
electrode with fluorine-doped tin oxide (FTO)/titanium dioxide (TiO2) electrodes 
functionalized with chiral self-assembled monolayers (SAMs) of DNA, -helical 
oligopeptides composed of 5 or 7 amino acid residues (Al5, Al7), or achiral SAMs 
composed of 3-mercaptobenzoic acid (3MBA), 4-mercaptobenzoic acid (4MBA), 
3-mercaptopropionic acid (MPA), or 11-mercapto-undecanoic acid (MUA). (b) Schematic 
representing a photoelectrochemical cell used to investigate water splitting. Cadmium 
selenide (CdSe) nanoparticles are tethered to FTO/TiO2 electrodes via the tethers listed 
in (a). Photoexcitation of electrons in the CdSe nanoparticles from the valence band (VB) 
to the conduction band (CB) results in excited electron transfer to the CB of TiO2 and into 
the external circuit. At the platinum (Pt) electrode, H+ ions are reduced to H2. If the tether 
is chiral, the electron transfer is spin specific, making the hole in the CdSe VB have a well-
defined spin state, which accepts electrons from sacrificial reagents (S2-). Reproduced 
with permission from ref 93. Copyright 2015 American Chemical Society. 
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implementation of these (photo)electrochemical cells is limited by the need of large 
overpotentials (ca. 0.6 V vs the normal hydrogen electrode) to initiate the water-splitting 
reaction. Further, Mtangi et al. reported that formation of the parasitic intermediate, H2O2, 
in photocatalytic water splitting was suppressed when photoanodes were functionalized 
with chiral molecules.94 These results were attributed to poor spin alignment at the expense 
of O2.  
Together, the ability of chiral molecule functionalization to alleviate overpotential 
barriers and to reduce unwanted oxidation products that may poison photocatalysts show 
another promising application of chiral organic materials based on phenomena predicted by 
the CISS effect.95-99 Complete and detailed understanding of the O2 evolution reaction 
remains elusive,100-102 and while control of the spin state of hydroxyl radicals to promote O2 
formation has been considered in other contexts,89,103 the suppression of H2O2 by spin 
alignment had not been previously discussed.  These results provide additional details to the 
mechanistic debate and may help to optimize cell stability and lifetime with stringent control 
of spin-selective chemical kinetics. 
 
IV.F. Enantiomeric Separations 
Separating enantiomers from racemic mixtures of products is a necessary step in chemical 
syntheses, in particular for pharmaceuticals.104 The widespread stereoselectivity of a 
particular substrate (molecule) for an enzyme renders therapeutics that are 
enantiomerically pure more effective. Further, the “inactive” mirror image form may 
produce unexpected side effects with serious consequences. The importance of obtaining 
enantiomeric excess in syntheses from basic research to industrial applications was made 
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evident by the 2001 Nobel Prize in Chemistry awarded to Knowles, Sharpless, and Nyori for 
their work on chiral-catalyzed chemical syntheses. Still, because of the structural similarity 
and identical composition, enantiomer separation methods based on chiral chromatography 
are often tedious, inefficient, and may yield chemically modified byproducts.105,106 
 Enantioselective optical trapping may provide a less-invasive solution to chemical-
based separations. Yet, due to the weak nature of the chiroptical forces on nanometer-scale 
species, these mechanisms have only afforded separation of particles that are substantially 
larger than biomolecules or drugs of interest.107-109 While optical tweezers with enhanced 
electromagnetic fields using plasmonic materials may be used to enhance the optical forces 
necessary to manipulate molecules at the sub-100-nm scale, enantiomer discrimination 
remains a challenge.110-112 
 Alternatively, the less well established, possible influence of magnetic fields on 
enantioselective syntheses and separations has had a long and controversial history.113 Most 
recently, Naaman and coworkers showed that enantiomers bind to perpendicularly 
magnetized surface with appreciable differences (Figure IV.8).114 However, in this example, 
the mechanism for enantioselective adsorption is hypothesized to be due not to the magnetic 
field at the surface, but spin-specific interactions that occur upon adsorption and charge 
transfer.  
Rates of adsorption of one enantiomer vs the other on substrates magnetized up vs 
down are expected to be different, even though binding energies are identical. Thus, 
preferential adsorption of one enantiomer over another was shown to win out only at short 
time scales. Thermodynamic equilibrium in SAM formation is reached at longer time scales 
yielding a reduction in enantioselectivity. This is an interesting result considering that if an 
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initial excess of one enantiomer on the surface exists, one may expect that handedness to be 
propagated as additional molecules approach and bind to the surface due to steric 
considerations and domain formation. Additional work needs to be done to determine the 
efficiencies by which resolution of racemic mixtures can be achieved using this novel 
technique. Nevertheless, the work may prove to be groundbreaking for the design of new 
magnetic columns for high-throughput separation strategies. 
 
 
 
 
 
 
Figure IV.8. Flow-based separation of enantiomers using a magnetic column. (a) Circular 
dichroism spectra of a racemic mixture of an D- and L-alpha-helical oligopeptide mixture 
at the inlet (red curve) and at the outlet of a magnetic column with an external magnetic 
field oriented up vs down yielding an excess of D-peptides (black curve) or L-peptides 
(blue curve) in the solution, respectively. (b) Schematic of spin polarization within a chiral 
molecule that accompanies electrical polarization upon adsorption to magnetized 
substrates. The plot shows calculated interaction energies in a model system between a 
hydrogen atom with electron spin aligned parallel (red) or antiparallel (blue) to the spins 
with a 2×2×2 cube of nickel atoms. Reproduced with permission from ref 114. Copyright 
2018 American Association for the Advancement of Science. 
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IV.G. Conclusions and Prospects 
My thesis work began with the overarching goal of elucidating fundamental and 
controversial aspects of the chiral-induced spin selectivity effect. I confirmed experimental 
reports and theoretical predictions that bound electrons with right-handed helicity are 
selectively transmitted in DNA-mediated charge transfer (Chapter II),115 and observed spin 
polarization in previously unexplored photoemission regimes by ionization of chiral 
molecular films while measuring energy barriers to scattering of unbound, spin-up vs spin-
down secondary electrons (Chapter III).26 The results we obtained are relevant for the topics 
discussed in this chapter: implementation of chiral molecular assemblies as spin-filtering 
components within devices, and for possible biological implications related to the 
emergence and propagation of chirality in Nature, respectively. 
Moving forward, systematic studies and careful analysis of electron dichroism 
measurements will be critical to establish the design rules that govern spin-dependent and 
enantioselective interactions between electrons and chiral molecules. Advanced theoretical 
accompaniment based on new data will be needed to complement the experimental 
demonstrations by others and us of room-temperature chiral molecule spin polarization to 
develop unifying mechanisms. Still, the potential biological significance of these interactions 
and prospects for next-generation technologies that control electron spin degrees of 
freedom using chiral molecular assemblies are exciting. Creative experiments carried out 
during the past two decades have yielded a surge of new observations in a previously divided 
and inconclusive field. However, while confirming the role of spin in electron interactions 
with chiral molecules, the results have raised new mechanistic questions. Much remains to 
be discovered.  
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A.A. Introduction  
Inspired by the complexity and hierarchical organization of biological machines, the design 
of artificial molecular machines that exhibit controlled mechanical motion and perform 
sophisticated tasks is an ultimate pursuit of molecular-scale engineering.1-7 The design and 
synthesis of molecules that can undergo reversible structural changes with various stimuli 
have received considerable attention, but there remain far fewer reports of dynamic 
molecular systems such as cleverly designed motors and pumps where the mechanistic 
action of their molecular components has been exploited to do controlled work on their 
environment. The very definition of a machine has been a fascinating debate since Isaac 
Asimov began to lay out the early laws of robotics over 70 years ago.8 In an effort to advance 
the field, a stringent language has been sought to differentiate simple molecular switches 
from motors that are capable of driving a system away from equilibrium.9,10 While the 
working principles of these molecular devices cannot be compared to macroscopic 
analogues, a practical acceptance has emerged that a molecular machine can be a 
multicomponent system with defined energy input that is capable of performing a 
measurable and useful secondary function either at the nanoscale or, if amplified through 
collective action, at the macroscale. The system should ideally act in a reversible manner, 
with the capacity to complete repeated mechanical operations. Spatial control and temporal 
control over this motion, and work performed, are further hallmarks of successful machines, 
helping to differentiate deliberate actuated mechanics that leverage Brownian motion from 
undirected thermal effects, and machines from simple molecules that wiggle or diffuse 
randomly.11,12 
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In this Review, we draw from this rapidly expanding and diverse field to highlight 
some of the most exciting recent reports of molecules and assemblies that (a) exemplify 
practical and advantageous attributes that can be applied to other systems and (b) show the 
most promise in successfully advancing the development of artificial molecular machines. 
We first summarize some of the key advances in the development of molecular switches and 
rotors ranging from simple hydrazone switches to complex deoxyribonucleic acid (DNA)-
based nanomechanical walkers. Although these systems in isolation are distinct from scaled-
up artificial machines, recent progress in the diversity and complexity of their design has 
facilitated greater control over mechanical motion at the molecular level. This control has 
enabled the conversion of simple molecular components into functional tools that can 
interact with one another or couple to their environment to operate as machines at the 
nanoscale. We highlight some of the most promising examples of the organization of 
switches and rotors into linear assemblies, then two-dimensional arrays on surfaces, and 
finally polymeric networks and dynamic three-dimensional crystals. Ultimately, the precise 
and robust integration into higher dimensional architectures that take advantage of 
mechanical action by many components is essential to bridge the gap between actuating 
molecular motion and performing microscopic, mesoscopic, and macroscopic work. 
Throughout, we address fundamental obstacles yet to be overcome to advance the field and 
to convert these molecular systems into functioning machines and offer a glimpse into the 
untapped potential of these versatile systems in an effort to identify some of the most viable 
directions toward future molecular machine design and implementation. 
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A.B. Molecular Switches, Rotors, and Motors 
A.B.1. Increasing Sophistication of Molecular Design 
Numerous classes of molecules that reversibly isomerize between multiple structural 
configurations in response to external stimuli fall within the realm of molecular switches. 
Common examples of photochromic molecular switches are displayed in Figure A.1. Some of 
the most extensively studied small-molecule motifs include (but are far from limited to) 
azobenzenes, whose isomerization between E and Z conformations about a double bond 
mimics flapping motions;13,14 diarylethenes and spiropyrans, in which conformational 
changes are accompanied by ring-opening or ring-closing reactions;15-18 anthracene and 
coumarin derivatives that reversibly dimerize with one another;19-21 and overcrowded 
alkenes, hydrazones, and imines, which behave as rotors that can revolve about a rigid 
internal axis.22-25 Covalent modification of parent switch and rotor molecules provides near 
infinite opportunities to design alternate isomerization pathways and to tune actuation 
stimuli.  
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Figure A.1. Examples of common small-molecule switch motifs that undergo various types of 
chemical bond rearrangements. (a) Isomerization of azobenzene between trans and cis 
conformations upon irradiation or heating. (b) Photoinduced ring-opening and ring-closing 
reactions of diarylethene derivatives. The closed-ring form is thermally stable and will generally 
not return to the open-ring configuration under ambient conditions when kept in the dark. (c) 
Formation and disassociation of cyclic dimers of anthracene molecules. (d) Rotation about a 
central double bond in a sterically overcrowded alkene. Numerous structural possibilities exist, 
but the general form consists of a tricyclic stator (bottom) connected to a heterocyclic rotor (top) 
by a double bond. The reverse reaction most often proceeds via helix inversion of the tricyclic 
stator upon heating. 
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Additionally, noncovalent interactions between molecules such as hydrogen bonding, 
hydrophobic effects, and π–π stacking enable the construction of dynamic host–guest 
systems, expanding the versatility of switches via supramolecular self-assembly of two or 
more components.26 These dynamic molecules represent the smallest building blocks 
available for a bottom-up approach to synthesize functional mechanical devices that exhibit 
motion. Increasingly complex mechanically interlocked molecules (MIMs) such as catenanes, 
rotaxanes, and pseudorotaxanes represent another class of switches and rotors and have 
regularly been targeted as promising architectures in the design of molecular muscles that 
facilitate contractile and extensile motions due to their mechanostereochemistry.27-29 
Catenanes are MIMs constructed from two or more interlocked macrocycles in a chain-like  
architecture that may be designed to adopt distinct and stable conformations with 
controllable rotary motions (Figure A.2a). Alternatively, rotaxanes, pseudorotaxanes, and 
their derivatives are molecules composed of a linear rod-like component threaded through 
a cyclic host; the exact position and orientation (station) of the relative components in the 
mechanically interlocked compound can be controlled by external stimuli. The macrocycle 
host may be sterically constrained by bulky end groups on the linear species, as in rotaxanes, 
or designed to possess sufficient free energy to dethread from the rod-like component, as in 
pseudorotaxanes (Figure A.2b,c). Finally, nanomechanical switches, rotors, and walkers 
composed of a few to hundreds of DNA biopolymer strands, whose design and synthesis have 
developed into a rapidly burgeoning field of its own, offer the capability to extend the 
dynamic boundaries of individual molecular components to the submicrometer scale.30-32 
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While diverse, all of the aforementioned switch and rotor components operate on 
similar principles.33 The actuation of switching events, such as the absorption of a photon, 
electrochemical reduction or oxidation reactions, binding or unbinding of a ligand, or 
changes in temperature, manipulates the relative energy barrier(s) between two or more 
possible states. However, intra- or intermolecular rotational, translational, or extensile and 
contractile movements are ultimately driven by the irrepressible effects of thermal noise. 
This competing driving force highlights the importance of molecular switch designs to 
consider the potential energy landscape to facilitate thermodynamically uphill 
transformations with sufficiently deep new minima and spatiotemporal control over biased 
switching events. The most remarkable examples of mechanical control employed to 
overcome the randomizing effect of Brownian motion impart necessary directionality to 
molecular rotations or translations.34, 35 Typically, this control is achieved in a variety of 
 
 
Figure A.2. Example schematics of switchable mechanically interlocked molecules (MIMs). 
Functional groups incorporated within the molecular architecture that are influenced by various 
stimuli including light, pH, redox activity, and ions program the switching of stable recognition 
stations. The actuation stimuli thus facilitate movement of the interlocked components with 
respect to one another. (a) Catenane composed of interlocked macrocycles that are free to rotate 
and contain multiple thermodynamically stable configurations. (b) Shuttling motion of a threaded 
macrocycle (blue) between two stable states within a rotaxane motif in which sterically bulky end 
groups (green) on the rod-like component prevent dethreading of the macrocycle. 
(c) Unidirectional dethreading and rethreading of a macrocycle host from the rod in a 
pseudorotaxane. 
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systems by maintaining a judicious balance between molecular flexibility and rigidity and 
utilizing sterically demanding or asymmetric molecular geometries. Examples include the 
unidirectional rotation about double bonds in chiral overcrowded alkenes and imines,36,37 
circumrotation in catenanes,38 preferential threading and dethreading of MIMs,39,40 and 
directed walkers and nanocars.41-43 Recently, Stoddart and co-workers successfully 
demonstrated the energetically uphill, unidirectional threading of a dumbbell-shaped 
molecular rod containing a noninteracting oligomethylene chain by tetracationic macrocycle 
hosts.44 This redox-driven molecular pump performs work by first confining one macrocycle 
on the rod and subsequently threading a second ring against a local concentration gradient 
into an entropically unfavorable configuration on the oligomethylene chain, in close 
proximity to the first macrocycle. The proposed flashing energy ratchet mechanism for the 
energetically demanding action of the pump can be described by modulation of the potential 
energy landscape of the molecule upon redox-switching events. 
A significant yet challenging goal in molecular design that has received less attention, 
however, is the development of switches whose actuation is engineered to trigger 
cooperative or coordinated action, thus amplifying motion where a switching event directly 
influences simultaneous or subsequent conformational change in another molecule. Here, 
the intermolecular coupling of switching events is distinct from collective ensemble motion. 
The paradigmatic example of cooperativity found in Nature is the uptake of molecular 
oxygen (O2) by the metalloprotein, hemoglobin.45,46 The binding of O2 by one of four heme 
groups induces intramolecular conformational changes in the protein that triggers the 
favorable uptake of three additional O2 molecules. While examples of cooperativity are 
abundant in Nature, there has been little success in the field of molecular machine design in 
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synthesizing and operating switchable moieties whose states are influenced directly by 
other molecules.  
 
 
An early example of an artificial multistep switching cascade was recently reported 
by Aprahamian and co-workers, in which structurally simple hydrazone-based switches 
were shown to facilitate cross-talk between molecules, reminiscent of biological proton-
relay processes (Figure A.3).47 The input of Zn2+ initiates E/Z isomerization and 
deprotonation of a hydrazone molecule that contains hydrogen-bond-accepting 
methylimidazole and quinoline groups to stabilize a metal-ion binding pocket. The 
subsequent proton transfer to a structurally related hydrazone switch that does not interact 
strongly with Zn2+ results in the isomerization of a second molecule. Capitalizing on the 
 
 
Figure A.3. Cooperative switching events between two distinct molecular switches: an imidazole-
containing hydrazone switch (QIH-Me) and pyridine-containing hydrazone switch (PPH). Upon 
addition of Zn2+, QIH-Me isomerizes to a structure that contains an acidic imidazolium ring 
(Zn(QIH-Me(Z-H+))). The PPH switch subsequently isomerizes to PPH(Z-H+) upon proton transfer 
from Zn(QIH-Me(Z-H+)). The addition of tetrabutylammonium cyanide (nBu4NCN) to the reaction 
mixture regenerates the original switch configurations. The scheme illustrates coupled switching 
events between two molecules through proton relay. Reproduced with permission from ref 47. 
Copyright 2012 Nature Publishing Group. 
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leveraging of intermolecular interactions to influence switching events represents a 
paradigm shift in the design of next generation molecular switches, as it exemplifies active 
and dynamic communication between separate components to work in tandem.48-50 If 
analogous approaches toward amplifying molecular motion can be applied to other 
switching motifs with greater specificity and without the use of sacrificial reagents, 
substantial increases in the operational yield of isolated or hierarchically assembled systems 
can be envisioned and may thereby increase their practicality in real-world applications. 
 
A.B.2. Isolated Small Molecule Machines 
The rational design of switches and rotors, or even the impressive directional control over 
walkers and motorized nanocars, is clearly not a final objective (unless, of course, the design 
is to be entered in a molecular nanocar race).51,52 It is instead necessary to harness and to 
amplify the mechanical motion of individual components to drive iterative chemical 
processes or to complete complex tasks in order to qualify these dynamic systems as 
functional machines. Some of the most innovative examples of mechanistic function of 
isolated molecules are switchable catalysts that are capable of raising or lowering the 
energetic barriers to chemical transformations.53-55 Molecular machines that control 
bidirectional enantioselectivity in asymmetric catalysis are particularly exciting, as the 
preparation of enantiopure catalysts and the separation of racemic mixtures of synthetic 
products are typically tedious and cumbersome processes. Wang and Feringa demonstrated 
in situ switching with enantiomeric preference of the chiral product of a conjugate addition 
reaction using a rotary-motor catalyst fueled by light.56 More recently, Leigh and co-workers 
described a rotaxane-based asymmetric catalyst that can be switched on and off by revealing 
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and concealing, respectively, a chiral organo-catalytically active amine built into a 
mechanically interlocked axle via simple protonation or deprotonation of the amine 
group.57,58 Temperature may also be used as a means to control product enantioselectivity 
with a single switchable catalyst, as reported by Storch and Trapp, to direct asymmetric 
hydrogenation reactions upon catalyst epimerization.59 The precise spatial control afforded 
by these dynamic molecular designs facilitates the integration of enzymatic behavior with 
mechanical motion, thus exemplifying the potential of small-molecule machines to perform 
useful tasks at the molecular level for applications ranging from catalysis to 
photopharmacology.60 
Another ingenious example of leveraging fueled molecular motion for performing 
useful operations at the molecular scale is the sequence-defined synthesis of oligomer 
chains. In Nature, the polyribosome has been shown to have roles in both biosynthesis and 
protein assembly.61 Utilizing the mechanically interlocked nature of rotaxanes, Leigh and co-
workers designed a ribosomal mimic that travels along a molecular strand to assemble 
amino acids iteratively by native chemical ligation (Figure A.4).62 Once assembled, the 
rotaxane-based machine is activated by acidic cleavage of protecting groups on the 
macrocycle, allowing its movement along the strand bearing amino acid building blocks. A 
bulky terminal-blocking group on one end of the strand facilitates unidirectional 
dethreading once all amino acids have been sequentially added to the macrocycle. Although 
the reaction kinetics remain slow (the formation of each amide bond takes approximately 
12 h), the modular desig n and new threading protocol in machine preparation offer the 
possibility of analogous molecular synthesis from other monomer types and the 
employment of longer oligo- or polymer tracks.63 
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Figure A.4. Scheme depicting the proposed mechanism for sequence-specific oligopeptide 
synthesis using a rotaxane-based molecular machine. (a) Machine is activated upon removal of 
protective groups from the macrocycle. (b) Under basic conditions, the amino acid moieties that 
are tethered to the rod-like component are sequentially transferred to the macrocycle as it 
unidirectionally dethreads from the rod. (c) Macrocycle can then be subsequently hydrolyzed to 
obtain the isolated oligopeptide-containing motif. The stimulated, directed motion facilitates 
small-molecule synthesis by a molecular machine through the intelligent functionalization of the 
cyclic host and threading strand. Reproduced with permission from ref 62. Copyright 2013 
American Association for the Advancement of Science. 
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A.B.3. DNA-Based Machines and Walkers 
DNA-based nanomechanical devices such as tweezers and gears have also shown promise as 
artificial molecular machines, as demonstrated by the specificity and predictability with 
which these molecules can be modified.64,65 Boosted by the advent of DNA origami, the 
advances in programmability of these devices have enabled rapid strides toward the design 
and operation of DNA machines.66 These devices are engineered for a variety of applications 
including catalysis and the capture and release of targets ranging from single metal ions to 
large proteins.67-69 Their motion may be actuated by the targets themselves, sacrificial staple 
strands or aptamers (synthetically designed DNA/RNA motifs), or light-utilizing 
oligonucleotide sequences chemically modified with photoswitching molecules such as 
azobenzene.70-73 The recognition of targets by DNA or RNA devices that induce sophisticated 
secondary functions based on Boolean logic-gated mechanisms is particularly impressive, 
utilizing conjunction (AND), disjunction (OR), or negation (NOT) operations.74 Logic-gate 
operations performed by DNA were demonstrated by Adleman and Lipton two decades ago, 
but DNA-based computing remains underdeveloped due to challenges associated with scale-
up and slow reaction kinetics.75,76 Church and co-workers recently designed a DNA 
nanorobot composed of over 200 unique oligonucleotides and capable of delivering payloads 
such as antibody fragments or nanoparticles to cells by incorporating an AND gate based on 
two locking aptamer-complement duplexes (Figure A.5).77 Upon simultaneous recognition 
of their targets, the duplexes dissociate and the nanorobot undergoes a structural 
rearrangement to expose the sequestered payloads. While the implementation of such 
complex proof-of-principle nanorobots in vivo is not likely in the near future, analogous 
logic-gated target discrimination may be advantageous in the design of molecular devices for 
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future biomedical applications such as drug delivery and gene therapy, as well as sensing 
and computation.73,78-80 
 
 
Inspired predominately by biological motor proteins from the kinesin, dynein, and 
myosin families, clever DNA walkers have been designed to enable progressive movement 
along prescripted tracks.81-84 Numerous strategies have been employed to facilitate 
directional movement including the incorporation of Brownian ratchet and enzymatic 
 
 
Figure A.5. Design of a logic-gated DNA nanorobot. (a) Front and (b) perspective view of a DNA 
nanorobot loaded with a protein payload (pink). The boxed area denotes one of the two aptamer 
locks that clasp the front of the nanomechanical device. (c) Aptamer-based gate is composed of 
an aptamer (blue) and a partially complementary DNA strand (orange). The “open” configuration 
can be stabilized by an antigen key (red circle). (d) Payloads including gold nanoparticles (gold) 
or small proteins (magenta) may be tethered inside the nanorobot. The DNA-based 
nanomechanical device enables the loading and cell-specific delivery of various cargo that utilizes 
an AND gate: both aptamer-based lock sites must be unlocked with their antigen key for the 
nanorobot to open. Reproduced with permission from ref 77. Copyright 2012 American 
Association for the Advancement of Science. 
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“burnt bridge” mechanisms, asymmetric molecular design, and the use of chemically 
modified architectures containing azobenzene that initialize walking upon 
photoisomerization.85-88 These walkers may behave autonomously or require external 
intervention; the latter most often enables greater complexity in programmability. Some of 
the first remarkable reports of functional DNA walkers utilized stepwise mechanics to design 
systems capable of synthesizing organic molecules or donating cargo.89,90 In a more recent 
example, Choi and co-workers described the fueled, autonomous translocation of CdS 
nanocrystal cargo by a single-stranded RNA-cleaving DNA enzyme over 3 μm along a RNA-
decorated carbon nanotube track while demonstrating robust control over stopping and 
starting the walker (Figure A.6).91 These proof-of-principle designs for DNA walkers show 
promise for DNA-based circuits, nanorobotics, and cargo transport, supported by 
quantitative control over rates for complementary strand displacement reactions.92,93 Still, 
these complicated mechanical systems have generally been plagued by slow kinetics and 
poor overall performance. The operational yields of complementary strand hybridization or 
displacement reactions that facilitate the progressive and repetitive movement of many DNA 
walkers are generally lower than the elementary reactions that take place outside the 
context of complex DNA architectures.94 Considerable effort has been directed toward 
improving the operational yield of DNA walkers to improve reliability, motility, and control 
by targeting various parameters that influence their mechanics.95,96 For example, Nir and co-
workers recently demonstrated a two orders of magnitude increase in the operational yield 
of a DNA walking device through mechanistic investigation of oligonucleotide strand fuel 
removal and fuel addition reactions to prevent undesirable trapped states.97 Nevertheless, 
further improvements in walking speed, yield, and fuel optimization may be necessary for 
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efficient and practical transport and assembly of molecular and nanoscale cargo. Maintaining 
autonomy with increasingly complex programmability in the design of walkers and tracks is 
a challenging task but will help DNA walkers move beyond the initial steps that have been 
taken to convert these nanomechanical devices into useful machines.98,99 
 
 
 
 
 
Figure A.6. (a) Schematic of a DNA enzyme-based molecular machine that walks autonomously 
along a RNA-functionalized carbon nanotube track (black) carrying a CdS nanoparticle (yellow). 
The DNA enzyme (E) here is a synthetic oligonucleotide sequence that contains recognition 
regions (red) and a catalytically active sequence (green) that cleaves an associated RNA molecule 
(S1) in the presence of Mg2+. Upon cleaving S1, the DNA enzyme processes through a series of 
conformational changes to hybridize with another RNA molecule (S2) attached to the carbon 
nanotube, facilitating its movement along the track as the process is repeated. (b) Series of 
overlaid fluorescence microscopy images (to determine CdS position) and near-infrared nanotube 
images over 30 h in the presence of Mg2+. Scale bar, 2 μm. The DNA motor is capable of carrying 
inorganic cargo with a maximum velocity of ca. 0.1 nm s–1. The noninvasive optical measurements 
used here are ideal for monitoring the real-time, in situ motion of cargo-carrying DNA walkers and 
may be applied to other systems for the characterization of various parameters that influence 
walker motility. Reproduced with permission from ref 91. Copyright 2014 Nature Publishing 
Group. 
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A.B.4. Nanostructure Functionalization 
The intelligent functionalization of larger organic or inorganic nanostructures with small 
molecular switch and rotor components, as well as complex DNA assemblies, further 
expands the versatility of these dynamic systems for applications such as drug delivery and 
to tune the chemical and physical properties of the hybrid materials.100,101 Exemplary 
demonstrations of artificial molecular machinery that employ functionalized nanostructures 
are mesoporous nanocrystals modified with molecular nanoimpellers, valves, or gates for 
the capture and release of cargo with external control.102 Numerous switch motifs have been 
utilized as gatekeepers to control payload release from these versatile materials including 
rotaxanes,103 pseudorotaxanes,104,105 DNA molecules,106,107 coumarins,108,109 and 
azobenzenes.110,111 Besides the necessity for biocompatibility, tissue specificity, and high 
loading capability, to implement these systems in vivo for biomedical applications such as 
controlled drug release, noninvasive actuation mechanisms are also required because some 
stimuli may be detrimental to biological environments.112 In a recent example, a 
nanoimpeller system developed by Croissant et al. utilizes azobenzene photoisomerization 
as a driving force to release the anticancer drug camptothecin from mesoporous silica 
nanoparticles (Figure A.7).113 Contrary to classic designs in which azobenzene trans to cis 
isomerization is triggered by ultraviolet (UV) light, which is harmful to living cells, this 
prototype system is based on two-photon excitation (TPE) of a fluorophore with near-
infrared (NIR) light. The use of NIR light facilitates isomerization of the azobenzene moieties 
through Förster resonance energy transfer (FRET) from a nearby fluorophore. Isomerization 
of the azobenzene nanoimpellers subsequently kicks out the camptothecin cargo, leading to 
cancer cell death in vitro. Using TPE with NIR light to trigger drug release from mesoporous 
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nanoparticles has not yet been extensively explored but offers the benefits of deeper tissue 
penetration in the biological spectral window (700–1000 nm) and lower scattering 
loss.114,115 The TPE-based designs illustrate how the actuated mechanics of photoswitches 
can be tailored by their immediate surroundings by coupling simple switches or rotors to 
their nanostructured environment, provided that the fluorophores have large two-photon 
absorption cross sections and sufficient emission quantum yields (>0.5) for FRET. 
 
 
 
 
Figure A.7. Two-photon excitation (TPE) of a fluorophore to facilitate Förster resonance energy 
transfer (FRET) to photoizomerize azobenzene nanoimpellers on mesoporous silica nanocrystals 
and subsequent cargo release. (a) Overlap of the emission spectrum of the fluorophore and 
absorption spectrum of the azobenzene nanoimpeller enables FRET. (b) Structure of the 
azobenzene moiety. (c) Structure of the two-photon fluorophore. (d) Photoisomerization of 
azobenzene using two-photon (760 nm) excitation of the fluorophore. (e) Schematic of the 
mesoporous silica nanocrystal. (f) Transmission electron microscopy image of a single 
nanocrystal. Light-activated nanovalves that utilize near-infrared irradiation such as this TPE-
based mechanism show promise for targeted drug delivery applications and should be further 
explored to extend their scope. Reproduced with permission from ref 113. Copyright 2013 Wiley. 
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The integration of switchable molecular systems with inorganic nanostructures and 
nanoparticle assemblies also enables the manipulation of the hybrid material’s optical 
properties in situ. Two common methods to direct the optical properties of nanostructured 
materials are the active tuning of refractive indices at the surface of plasmonic nanoparticles 
functionalized with switchable molecules116-118 and physically modulating interparticle 
distances or orientations.119-123 Using the latter strategy, Willner and co-workers have 
designed a myriad of hybrid DNA-based tweezers, catenanes, and rotaxanes functionalized 
with gold nanoparticles or quantum dots, whose interparticle distances can be directly 
manipulated with stimuli including pH, metal ions, and oligonucleotide strands.124 The 
switchable mechanical control over these hybrid assemblies is accompanied by unique 
spectroscopic features as a result of plasmonic coupling between gold nanoparticles, 
chemiluminescence resonance energy transfer between quantum dots, or the 
photoluminescent properties of attached fluorophores.125-127 Increasing the modularity and 
dimensions of DNA-based nanomechanical assemblies in this manner has enabled 
exceptional function; still, challenges remain as the increases in size and complexity of 
devices may be accompanied by lower synthetic yield and product heterogeneity.128,129 
 
A.C. Increasing Dimensionality and Hierarchical Organization 
A.C.1. Linear Assemblies 
The actuated inter- or intramolecular motion of small individual switch and rotor 
components occurs on the Ångström to nanometer scales. In order to perform macroscopic 
work, it would be useful to harness the synchronized mechanics of ordered ensembles of 
molecules in which the collective action translates into motion orders of magnitude larger 
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than that of individuals. This hierarchical organization is exemplified by skeletal muscle 
tissue. Sarcomeres, the basic repeating units throughout muscle cells, are composed of 
interdigitated myosin and actin filaments. The sliding of actin along myosin is facilitated by 
the walking of globular motor proteins attached to cross-bridges between the filaments. This 
motion generates tension and is responsible for the linear contraction and expansion of each 
sarcomere.  
 
 
Analogously, MIMs exhibit practical architectures for the building blocks of synthetic 
molecular muscles due to their mechanostereochemistry.130 In particular, bistable daisy-
chain rotaxanes, which are composed of two interlocked cyclic dimers, display muscle-like 
contraction and expansion upon switching (Figure A.8a). Many stimuli may be used to 
actuate motion in these efficient and versatile switches including pH, redox reactions, light, 
solvent, and ions.131-135 Efforts have been made to polymerize daisy-chain rotaxanes into 
linear assemblies with varying success.136,137 In one of the most remarkable examples, 
Giuseppone, Buhler, and co-workers demonstrated a metallo-supramolecular 
 
 
Figure A.8. (a) Bistable daisy-chain rotaxane. (b) Metallo-supramolecular polymer of multiple 
pH-switchable daisy-chain rotaxanes. The culmination of contraction or extension by individual 
monomers results in global changes in large contour length of the polymer on the order of 
microns. Reproduced with permission from ref 138. Copyright 2012 Wiley. 
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polymerization process to combine thousands of pH-switchable daisy-chain rotaxanes.138 
The polymers demonstrated global changes of contour length of approximately 6 μm 
(Figure A.8b). This contraction is on the same order of magnitude as that observed in 
sarcomeres. Subsequently assembling these chains into ordered fibers and bundles similar 
to the hierarchical assembly of sarcomeres in myofibrils and their attachment to surfaces 
will be a significant accomplishment toward enhanced engineering of artificial muscles from 
small switch components. 
 
 
 
 
Figure A.9. (a) Schematic of a main-chain azobenzene-containing polymer (P1; R = C12H25) with 
a poly(para-phenylene) backbone. Irradiation with UV or visible light facilitates 
photoisomerization of azobenzene and conversion to the compressed and extended 
conformations, respectively. Reproduced with permission from ref 141. Copyright 2011 Wiley. 
(b) Scanning force microscopy images of P1 deposited on a modified graphite surface. The 
polymer crawls along the surface as it contracts upon UV irradiation. Demonstrating control over 
movement direction, and the functionalization or tethering of the polymer strands to scaffolds 
may enable the macromolecules to perform work by lifting weights or transporting cargo. 
Reproduced from ref 142. Copyright 2014 American Chemical Society. 
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Another molecular switch motif that holds promise for artificial muscles through 
linear polymerization is the azobenzene chromophore. By incorporating azobenzene within 
the main chain of a linear assembly, the culmination of modest dimensional changes of 
merely a few Ångströms for each chromophore can result in dramatic changes in the contour 
length of the polymer. Utilizing this strategy, Gaub and co-workers demonstrated the 
capability of individual polyazobenzene peptides to perform mechanical work by tethering 
one end of the chain to a substrate and the other to a flexible cantilever to measure the force 
exerted by the contracting polymer upon photoisomerization.139 The extent of polymer 
deformation, and thus the usefulness of the molecules for optomechanical applications, 
depends on both the conformational rigidity of the backbone and minimization of electronic 
coupling between azobenzene moieties.140 The synthesis of rigid-rod polymers that include 
azobenzene within a poly(para-phenylene) backbone is one strategy to maximize 
photodeformation, enabling accordion-like compression and extension of chains upon 
cycling with UV and visible light (Figure A.9a).141 Lee et al. demonstrated that these single-
chain polymeric assemblies may even exhibit crawling movements when deposited onto an 
octadecylamine-modified graphite surface and imaged with scanning force microscopy 
(Figure A.9b).142 Chemically or physically cross-linked supramolecular assemblies of these 
linear photomechanical polymers may be envisioned to behave as actuators, to lift weights, 
and to perform other types of work with greater resistance to deformation fatigue than 
individual strands.143 For example, Fang et al. reported using a simple melt spinning method 
to fabricate hydrogen-bonded cross-linked fibers of azobenzene-containing main-chain 
polymers that were prepared via a Michael addition reaction (Figure A.10).144 The authors 
also investigated the photoinduced mechanical properties of the fibers, reporting a 
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maximum stress generated by a single fiber of 240 kPa upon UV irradiation at 35 °C. This 
force is similar to the maximal tension forces of some chemically cross-linked azobenzene-
containing polymer fibers and even human striated muscles (ca. 300 kPa).145 
 
 
A.C.2. Two-Dimensional Assemblies and Surface Functionalization 
The aforementioned systems describe molecular switches, rotors, and motors in relative 
isolation. However, without a suitable frame of reference, even the contraction and extension 
over dramatic micron length scales by polymerized chains of functional rotaxanes is difficult 
to utilize for practical applications. Complicating matters, to leverage the mechanical motion 
of ensembles of molecules, some director is mandatory to overcome the chaotic application 
of force. Similar to Archimedes’ need for a place to stand to move the Earth, a surface may be 
 
 
Figure A.10. (a) Synthetic route and chemical structures of acrylate-type azobenzene monomers. 
(b) Supramolecular hydrogen-bonding interactions between main-chain polymers to facilitate 
physical cross-linking. (c) Photographs of a polymeric fiber fabricated by simple melt spinning. 
The fiber reversibly bends upon irradiation with UV and visible light. The fibers demonstrate 
robust photodeformation fatigue resistance and high thermal stability and show promise for 
applications as photomechanical actuators. Reproduced from ref 144. Copyright 2013 American 
Chemical Society. 
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utilized to instill directionality to harness the power of large numbers of molecular machines. 
Two-dimensional coverage by molecular switches and rotors on planar surfaces provides 
advantages over isolated molecules or functionalized nanoparticles by facilitating the 
manipulation of physical and chemical properties of a material at the micro-, meso-, and 
macroscales. For example, through the amplification of collective molecular mechanical 
motion, the integration of small-molecule switches and rotors into ordered arrays has 
resulted in dynamic control over work function, refractive index, and surface 
wettability.146-150 In more obvious demonstrations of performing work, the cumulative 
nanoscale movements of stimuli-responsive rotaxanes assembled on metal surfaces have 
been harnessed to move liquid droplets uphill or to bend flexible microcantilever 
beams.151-155 Micropumps that are capable of establishing a steady flow of liquid or small 
particles may also take advantage of surface functionalization by molecular machines for 
microfluidics or drug delivery.156 Molecular pumps based on host–guest interactions 
composed of cyclodextrin and azobenzene designed by Sen and co-workers perform such a 
function by external stimulation with light.157 These hybrid systems are organized within 
gels or adsorbed directly on glass substrates (Figure A.11a,b). Upon UV light absorption, 
azobenzene molecules isomerize and leave their cyclodextrin hosts. The created cavity is 
then promptly filled with water molecules. The amplified and collective actions of the 
multitude of neighboring pumps creates a steady flow of fluid around the surface at the rate 
of ca. 2 μm/s (Figure A.11c,d). The pump can also be activated by chemical stimuli and 
recharged by visible light irradiation. Despite these impressive examples, there exist few 
reports of integration of molecular switches and rotors in planar assemblies because of the 
challenging design rules that accompany surface functionalization, as described below. 
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Figure A.11. (a) Schematic of a dual-responsive micropump on a glass surface. Light or chemical 
stimuli may be used to induce fluid flow by a β-cyclodextrin–polyethylene glycol (β-CD-PEG) gel 
upon isomerization of the azobenzene moiety. (b) Schematic of the direct functionalization of 
glass surfaces by covalently tethering azobenzene-containing molecules. Reversible formation or 
disassociation of the host/guest complex with α-cyclodextrin results in fluid pumping. (c) Optical 
microscopy image of tracer particles in solution above a β-CD-PEG gel on a glass surface before 
irradiation. (d) Optical microscopy image of tracer particles accumulating at the edge of a β-CD-
PEG gel after irradiation with UV light for 1 h. Scale bars, 50 μm. The reversibility of the host/guest 
interaction makes the design particularly appealing for rechargeable microdevices. Reproduced 
from ref 157. Copyright 2013 American Chemical Society. 
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Self-assembled monolayers (SAMs), Langmuir–Blodget (LB) films, and layer-by-layer 
(LbL) assemblies are all well-understood organic thin-film technologies that can be utilized 
to fabricate nanoscale functional surfaces.158-160 Within SAMs, intermolecular distances, 
molecular orientation, and substrate–molecule interactions strongly influence whether 
assembled switches and rotors retain their functionality due to the varied chemistries of 
their interfaces.161,162  
Physically and electronically decoupling these functional moieties from surfaces or 
from neighboring molecules is often necessary to avoid steric constraints or quenching of 
excited states.163-168 For example, molecular rotors can be tethered such that the axis of 
rotation is aligned parallel or perpendicular to the surface, in either altitudinal or azimuthal 
orientations, respectively. Feringa and co-workers reported the tunable and reversible 
wettability of gold surfaces modified with SAMs of altitudinal rotors based on light-driven 
overcrowded alkenes bearing perfluorinated alkyl chains (Figure A.12a).169  
Taking advantage of unhindered rotation enabled by the superior altitudinal 
orientation of the rotor units dramatically modified the surface energy with resulting water 
contact angle changes of as much as 8–22° owing to differences in the orientation of the 
hydrophobic perfluorobutyl group (Figure A.12b). The photoconversion efficiency and 
rotation speed of these surface-bound rotors are still generally lower than for free molecules 
in solution, highlighting how proper spatial arrangement and sufficient room to rotate are 
necessary parameters to optimize for these dynamic molecular motifs to retain their large-
scale functionality.170 
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The design rules to retain functionality and to understand substrate–molecule and 
intermolecular interactions of MIMs that self-assemble on surfaces are not as well 
understood. Rotaxanes may be covalently modified with thiol or disulfide tethers to enable 
binding to noble metal surfaces, providing a platform for potential applications in diverse 
areas including molecular-scale electronics and nanoelectromechanical systems.152,154,155,171 
However, many rotaxane and pseudorotaxane motifs have poorly defined orientations or 
conformations when tethered to surfaces due to their flexibility, making it difficult to predict 
 
 
Figure A.12. (a) Molecular rotors based on overcrowded alkenes attached to a gold surface in 
azimuthal (left) and altitudinal (right) orientations. (b) Water droplet on a gold surface 
functionalized with self-assembled monolayers of overcrowded alkenes in the cis conformation 
bearing perfluorinated alkyl chains. The hydrophobic perfluorobutyl group on the rotor is hidden 
from the interface, resulting in a contact angle of 60 ± 1°. (c) In the trans conformation, the 
hydrophobic group is exposed to the interface, resulting in a water contact angle of 82 ± 1°. The 
altitudinal orientation of the rotor and the tripod tethering unit are advantageous molecular 
structures that may be applied to other functional surfaces based on self-assembled monolayers 
of molecular machines. Reproduced from ref 169. Copyright 2014 American Chemical Society. 
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conditions for reproducible self-assembly.168 Heinrich et al. recently demonstrated that tight 
packing may be advantageous for the efficient switching of many rotaxane molecules on the 
surface (Figure A.13a).172 The authors used angle-resolved near-edge X-ray absorption fine 
structure (NEXAFS) spectroscopy to study cooperative effects in chemically switchable 
rotaxanes deposited on gold surfaces by LbL self-assembly. Linear dichroism effects in 
NEXAFS spectra reflect preferred ensemble molecular orientation, and therefore, the 
disappearance or enhancement of linear dichroism may be used to monitor conformational 
changes on surfaces. Densely packed monolayers of rotaxanes exhibited a pronounced 
increase in linear dichroism upon switching, indicating conversion of one ordered surface 
structure into another (Figure A.13b). On the other hand, dilute monolayers in which the 
rotaxanes motifs were less densely packed displayed negligible linear dichroism effects both 
before and after application of chemical stimuli (Figure A.13c). These results suggest that, in 
this system, properly designed densely packed rotaxanes can switch in a coupled manner, in 
contrast to previous reports of interference of proximal, randomly assembled surface-bound 
rotaxanes.168 While inducing conformational change in a single rotaxane is unfavorable in 
the densely packed array, once a small number of molecules have converted to their isomeric 
forms, it becomes less sterically demanding for neighboring molecules to switch, resulting in 
rapid growth of newly ordered domains. This cooperative switching scenario is analogous to 
that observed in densely packed SAMs of molecules containing azobenzene 
headgroups.173,174 Applying similar design principles to other assemblies of switch and rotor 
motifs on surfaces to facilitate cooperative switching mechanisms would be advantageous 
for faster, more robust, and more energy-efficient molecular machines. 
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As described above, the design and fabrication of organic thin films of molecular 
switches or rotors on surfaces that retain switching yields comparable to those of free 
molecules in solution remain challenging tasks. Complicating matters, the favored molecular 
orientations, steric considerations, and intermolecular electronic coupling strengths are 
different for each system, whether the molecules are chemically adsorbed directly on 
surfaces or within polymeric assemblies. Nevertheless, the successful demonstrations of 
predictable surface attachment of molecular machines that give rise to directed and defined 
stimulus-induced function provide promising examples for applicability in the future. New 
 
 
Figure A.13. Molecular structure and angle-resolved near-edge X-ray absorption fine structure 
(NEXAFS) spectroscopy of layer-by-layer assembled chloride switchable rotaxanes on gold 
surfaces. (a) Rotaxane molecule under investigation containing tritylphenyl stopper groups on 
the rod and terpyridine side chains attached to a functionalized tetralactam macrocycle. Angle-
resolved NEXAFS spectra of (b) a densely packed rotaxane monolayer on a rigid pyridine-
functionalized self-assembled monolayer (SAM) of (E)-4-(pyridin-4-yl)stilbenethiol (PST) and 
(c) a dilute rotaxane monolayer on a terpyridine-terminated dodecanethiol/decanethiol mixed 
SAM. The NEXAFS results are depicted from top to bottom: before chloride addition, after chloride 
addition, and after chloride removal. NEXAFS spectra were obtained for the incident synchrotron 
light beam at 30 and 90° angles (red and black lines). The difference between the two spectra is 
shown in green. Linear dichroism effects in (b) suggest the coupled motion of densely packed 
rotaxane monolayers, underscoring the advantage of lateral order and molecular alignment for 
functional surfaces based on large mechanically interlocked molecules. Reproduced from ref 172. 
Copyright 2015 American Chemical Society. 
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directions may take advantage of combining bottom-up molecular assembly techniques with 
top-down patterning methods to design novel materials with controllable features from 
sub-100 nm to the centimeter scale.175-179 Patterning diverse switch and/or rotor 
components side-by-side with precise two-dimensional control may give rise to new surface 
functionality with molecular packing density gradients or multiplexed domains with various 
available actuation mechanisms. 
 
A.C.3. Three-Dimensional Assemblies and Crystals 
The integration of dynamic molecular switches and rotors into three-dimensional 
architectures is a natural and desirable extension of supramolecular assemblies, yielding 
dynamic materials with controllable properties in all directions. Some of the first three-
dimensional molecular machines were fashioned from polymeric materials or photomobile 
crystalline arrays, such as light-powered walkers, rollers, and belt/pulley motors by Yamada 
et al.180,181 These examples utilized azobenzene moieties within liquid-crystalline 
elastomers, in which mechanical strain is strongly correlated with the characteristic 
orientational order of the mesogens. The incorporation of photoswitching molecules into 
liquid-crystalline polymer networks enables the amplification of, and greater control over, 
the reversible photodeformation of actuators. Notable advances in the field of 
photomechanical polymers include the development of more complex movement patterns, 
designs that respond to a broader range of stimuli, and better addressability and spatial 
precision.182-184 Katsonis and co-workers recently described impressive control over the 
helical motion of azobenzene-containing liquid-crystalline polymer springs, mimicking the 
extensile function of plant tendrils.185 Unlike previous reports of twisting motion within 
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photomechanical crystalline systems, in which the helical deformations are dictated by the 
facets that are irradiated with UV or visible light, the handedness and modes of coiling 
motion can be preprogrammed by including chiral dopants and controlling the relative 
orientation of the aligned liquid crystals within each spring, respectively.186 
While polymeric materials offer ease of processing and fabrication, crystalline motifs 
offer a path to near-perfect three-dimensional arrangements of dynamic molecular building 
blocks, as well as a facile means to monitor the motion of the crystals using nuclear magnetic 
resonance (NMR) and X-ray diffraction. Furthermore, energy transduction in crystals is 
faster, and actuating motion is generally of larger magnitude compared to polymeric 
assemblies because rigidly packed molecules have to work as an assembly to function, 
whereas in a less-ordered medium, motion of the same molecular switches may be less 
directionally biased and ultimately less efficient. Often derided as a “chemical cemetery” 
after Leopold Ruzicka’s famous remark, crystal machines have witnessed a remarkable 
resurgence in recent years with discoveries of controlled or spontaneous actuation, 
reversible or irreversible movements, and reactivity.187-189 Research efforts toward 
molecular machines fashioned from crystals can be subdivided into two broad classes: one 
in which movable elements are present in the crystal lattice and the other where the entire 
crystal becomes a machine. 
The former class of crystalline machines is composed of amphidynamic crystals that 
most often incorporate rotors into a lattice, thereby maintaining macroscopic order. If 
enough free volume is present, the molecules retain their rotational degrees of freedom and 
can spin with varying frequencies within the range of hertz to gigahertz. Such rotation 
demonstrates promise as a new class of mechanical switches, compasses, and 
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gyroscopes.190-194 When the rotor units contain an electric dipole, amphidynamic crystals 
may also provide an avenue for tunable dielectrics.195-197 Solid-state NMR techniques are 
useful characterization methods to determine molecular order and the gyroscopic dynamics 
within amphidynamic crystals when rotors contain atoms that occupy multiple magnetically 
nonequivalent sites. As a molecule rotates, atoms may exchange positions between these 
sites, the rate of which is determined by the rotational potential energy barrier and sample 
temperature.198 Features in the NMR spectra at different temperatures provide information 
about ensemble exchange rates and, therefore, rates of rotation of rotors within the 
crystalline lattice. Spontaneous rotation is common in crystalline rotors with rotational 
activation energy barriers greater than kBT (the available thermal energy). Notable studies 
in this field have reported on engineering coupling between rotors199-201 and controlling the 
rate of motion by light or chemical input, similar to the design of synthetic brakes for 
noncrystalline rotors.202 Recently, Commins and Garcia-Garibay developed a molecular 
gyroscope that utilized a photoactive azobenzene unit tethered on either side of a rotatable 
phenylene center block (Figure A.14).203 The conformation of the azobenzene switch was 
shown to exhibit robust control over the rates of phenylene rotation. When the azobenzene 
brake was in the trans conformation, the crystalline assembly rotated 10 times faster than 
samples containing the cis isomer.  
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Sozzani and co-workers demonstrated another sophisticated approach to engineer 
and to control crystalline rotors using porous molecular crystals.204 The authors 
demonstrated that permanently porous crystals that incorporate p-phenylene rotors were 
accessible to small-molecule guests such as CO2 and I2 in the vapor phase. In particular, the 
uptake of I2 altered the molecular environment of the rotors dramatically: the exchange rate 
decreased by four orders of magnitude from 108 to 104 Hz (Figure A.15). The same group 
also proposed using porous organic frameworks as hosts for molecular rotors due to their 
large surface areas and pore capacities.205 Comparable to the molecular cocrystals, diffusion 
of I2 into the pores resulted in decreased rotation rates by three orders of magnitude at room 
temperature. Sensing or actuating applications may be envisioned that utilize the resulting 
influence of small-molecule guests on the rotation rates for the uptake and release of small-
molecule guests by these amphidynamic crystals and organic frameworks. 
 
 
 
Figure A.14. (a) Molecular gyroscope that contains benzophenone motifs (green) that bridge the 
structure from one stator to the other. (b) Azobenzene-bridged molecular gyroscope. In (a) and 
(b), the rotation of the central phenylene may be hindered by collapse of the bridge toward the 
rotor. The use of an azobenzene motif as a bridge enables control over the rate of rotation using 
UV or visible light to convert the switch, or brake, between trans and cis conformations. 
Reproduced from ref 203. Copyright 2014 American Chemical Society. 
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While the previously described amphidynamic crystals possess sufficient free volume 
for rotation of essential structural elements, translational motion within a crystal is much 
less common. By incorporating rotaxane molecules as organic linkers within a metal–organic 
framework (MOF), Loeb and co-workers recently succeeded in facilitating the reversible 
translation of a molecular shuttle inside a solid-state material between two stable states.206 
The system contains Zn4O clusters as the nodes of the MOF and carboxylate struts as 
structural elements. Individual [24]crown-8 ether macrocycle shuttles could translate 
between degenerate benzimidazole stations on cross-bar linkers between struts at a rate of 
 
 
Figure A.15. (a) Chemical structures of the components of a porous cocrystal: (left) 4,4′-
bis(sulfophenylethynyl)benzene (SPEB) dianion and (right) n-pentylammonium (PA) cation. 
(b) Deuterium nuclear magnetic resonance (2H NMR) spectra of porous cocrystals in the absence 
of molecular iodine, I2; after exposure to I2 in the gas phase; and following removal of I2 from the 
crystals. Experimental and calculated spectra are displayed in black or violet, and gray, 
respectively. The exchange rate reversibly decreased by four orders of magnitude upon uptake of 
the small-molecule guest, suggesting the use of such crystals for gas phase sensing applications. 
Reproduced from ref 204. Copyright 2014 American Chemical Society. 
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283 Hz at room temperature. Future work to incorporate MIMs within highly dense, 
crystalline arrays with greater control over the actuation and speed of switching events will 
provide new potential applications for mechanically bonded host–guest systems with 
controllable physical and chemical properties in the solid state. 
The second approach to fabricate crystalline molecular machines utilizes the entire 
crystal as an actuator and transfers the external stimulus such as light or heat into 
mechanical energy, categorized as (a) thermo- and photosalient or (b) photomechanical 
crystals.188,184,207 Thermo- and photosalient crystals most often exhibit spontaneous 
actuation (jumping) upon heating or irradiation. Thermosalient crystals developed by 
Naumov and co-workers harness the energy of polymorphic transformations that occur 
upon heating in crystals. The effect is driven by extremely rapid anisotropic expansion and 
contraction of the unit cell axes upon a phase transition that was found to be 104 times faster 
than in regular crystal-to-crystal phase transformations.208 This class of crystalline 
compounds comprises a diverse range of materials, including brominated organic molecules, 
terephthalic acid, and organometallic complexes.209,210 Although there exists little 
directional control or foresight into which compounds will exhibit the effect, the explosive 
“popcorn” crystals nonetheless exhibit impressive centimeter-scale jumping movements 
that greatly exceed the crystal dimensions. Light-activated chemical processes within 
crystals, such as changes in the coordination sites of small ligands or [2 + 2] cycloaddition 
reactions, have also been shown to result in “popping” under ultraviolet irradiation.211,212 
Similar to thermosalient materials, little control is possible over “popping” crystals, and thus 
their utilization as functional molecular machines is difficult to envisage. To circumvent this 
problem, Sahoo et al. developed smart hybrid materials that incorporate thermosalient 
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microcrystallites on flexible sodium caseinate films to impart directionality to the crystals’ 
movements.213 The material represents a successful marriage of crystals with biocompatible 
polymeric films in one system, combining the benefits of the plasticity of soft polymers and 
the efficient, fast actuation of leaping crystalline solids. 
Alternatively, photomechanical materials move, bend, twist, or curl when exposed to 
light. Some of the most promising photomechanical crystalline systems for converting light 
into mechanical work have been proposed by Irie and co-workers and are based on 
diarylethene photoswitches.214 Light absorption triggers pericyclic ring-opening and ring-
closing reactions of this photoswitch throughout the crystal and is responsible for expansion 
and contraction, respectively, of the unit cell that consequently leads to photomechanical 
bending of the crystal. Structural studies on crystals of diarylethene derivatives link the 
initial speed of curvature change to crystal thickness.215 The bending behavior is also 
dependent on the crystallographic face that is irradiated, which is be attributed to 
differences in molecular packing. While the geometric change that occurs during the 
isomerization of a single diarylethene photoswitch is modest, the collective action of arrays 
of molecules in the crystal lattice can produce macroscopic motion. Cleverly engineered, 
such actuating crystals can perform work by pushing or lifting objects many times their 
weight,214,216 rotating gears,217 or acting as an electrical circuit switch (Figure A.16).218 
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Other commonly studied photomechanical crystalline architectures are composed of 
anthracenes or salicylidenephenylethylamine molecules. Bardeen and co-workers 
investigated the [4 + 4] dimerization reaction of anthracenes where the photoreaction 
 
 
Figure A.16. Photomechanical systems based on diarylethene crystals that convert light into 
mechanical work. (a) Rod-like crystal pushes a gold microparticle that is 90 times heavier than 
the crystal when irradiated with ultraviolet (UV) light. Bending of the crystal pushes the 
microparticle up to 30 μm. Reproduced with permission from ref 214. Copyright 2007 Nature 
Publishing Group. (b) Rotation of gears facilitated by the reversible bending of a crystalline 
actuator upon UV and visible irradiation. Reproduced with permission from ref 217. Copyright 
2012 Wiley. (c) Irradiation of gold-coated diarylethene crystals with UV and visible light enables 
the ON/OFF photoreversible current switching of an electric circuit. Reproduced with permission 
from ref 218. Copyright 2015 Royal Society of Chemistry. (d) Superimposed photographs of a 
crystal cantilever lifting a lead ball with a mass 275 times larger than the crystal upon irradiation 
with UV light from the underside of the actuator. Reproduced from ref 216. Copyright 2010 
American Chemical Society. 
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results in reversible or irreversible twisting of crystalline microribbons.219,220 The curling 
and twisting motion may be attributed to strain between spatially distinct reactant and 
product domains as a result of differential absorption by different regions of the crystal or 
intrinsic solid-state reaction kinetics.221 Another crystalline molecular machine was 
proposed by Koshima et al. based on photomechanical action in platelike crystals of 
salicylidenephenylethylamine (Figure A.17).222 These actuators are capable of lifting weights 
up to 300 times the crystal weight. The motion is linked to geometric changes in the 
molecules produced upon tautomeric transformation triggered by light absorption and 
consequent proton migration. Collective reorganization of the molecules within the lattice 
leads to small uniaxial cell expansion, which in turn results in bending of the crystal. 
 
 
 
Figure A.17. (a) Photoinduced proton transfer in the S enantiomers of chiral 
salicylidenephenylethylamines upon keto–enol tautomerism. (b) Superimposed photographs of a 
chiral enol-(S)-1 crystal before and after irradiating the top of the crystal actuator with ultraviolet 
light. The crystalline cantilever achieved 26 nJ of work by lifting a 4.00 mg metal ring a height, δ, 
of 0.65 mm. Various photomechanical lifting work was achieved with different enantiomeric 
compositions within the crystal: the racemic crystal, enol-(rac)-1, achieved 59 nJ of work by lifting 
a weight with mass 300 times larger than the crystal (not shown). Reproduced from ref 222. 
Copyright 2013 American Chemical Society. 
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While the workhorse of many photomechanical studies, the azobenzene 
chromophore, has been extensively probed as isolated molecules, on surfaces, in polymers, 
and within liquid crystals, it has been far less studied by the crystalline photomechanical 
community.223-227 This difference is due, in part, to the sterically demanding trans to cis 
isomerization process which may be impeded in a crystal. Surprisingly, Koshima et al. 
demonstrated reversible photomechanical bending of thin trans-4-
(dimethylamino)azobenzene plates upon ultraviolet irradiation, concluding that 
isomerization can still occur inside the crystal.228 That report was followed by a study of thin 
crystalline plates and needles of pseudostilbenes (azobenzenes with short-lived cis states), 
which were capable of submillisecond bending and relaxation upon irradiation with visible 
light.229 Pseudostilbene bending crystals offer the fastest speed of bending–relaxation cycles 
as the whole event can take less than a second and is the only system that completely 
circumvents the need for ultraviolet light to induce isomerization. More recent reports have 
focused on elucidating the mechanistic aspects of azobenzene isomerization in crystals 
focusing on in situ X-ray diffraction studies of irreversible cis–trans isomerization in 
crystals230 and cocrystals231 of the molecule (Figure A.18). These reports demonstrated that 
cis to trans isomerization in crystals is mediated by a transient amorphous state. While the 
sterically demanding azobenzene isomerization reaction requires considerable free volume 
to occur and is rarely possible in a single-crystal/single-crystal fashion, an amorphization 
mechanism enables the photochemical reaction to proceed despite the constraints of the 
crystal lattice. Amorphous intermediates in the crystal were corroborated by the loss of 
diffraction spots upon irradiation with visible light at low temperature. Remarkably, 
isomerization within the crystals of azobenzene represents a topotactic process in which the 
 224 
orientation of the resultant trans-crystal phase is dependent on the initial crystal orientation 
and effectively represents template crystal growth directed by light. 
 
 
The growing number of investigations on dynamic molecular crystals that can 
perform as actuators demands new theoretical models. Various models have been reported 
in the context of polymer films, rods, or plates, such as the analysis by Warner and 
Mahadevan on photodeformation of nematic elastomers.232 However, careful structural and 
kinetic considerations based on the spatial density and uniform orientations of photoactive 
molecules must be taken into account for these models to be fully applicable to crystalline 
systems. While the molecular motifs responsible for crystal motions are diverse, an attempt 
to unify photomechanical processes was done by Nath et al., who proposed a mathematical 
treatment of photomechanical crystal bending by accounting for the gradual profile of the 
 
 
Figure A.18. Amorphous phase-mediated azobenzene isomerization and photomechanical 
bending in a cocrystal (1.2 mm × 90 μm × 20 μm). The cocrystal contains a 1:1 ratio of a halogen-
bond acceptor (cis-1,2-bis(4-pyridyl)ethylene) and halogen-bond donor species. Bromine or 
iodine atoms on perfluorinated azobenzenes act as halogen-bond donors, forming a linear 
interaction with the pyridine nitrogen atoms on the halogen-bond acceptor. Irradiation of the 
cocrystals with a 532 nm laser facilitates cis to trans isomerization of the halogen-bond donors, 
via amorphous intermediates, determined by X-ray diffraction. Reproduced with permission from 
ref 231. Copyright 2014 Royal Society of Chemistry. 
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product in the crystal, irradiation time, direction and power using the azobenzene dye, 
Disperse Red 1, as a model compound.233 The model is applicable for any photomechanical 
crystal system and allows an easier comparison between the different platforms for 
efficiency, modulus, stress, and other parameters critical for optimization of the process for 
practical use. Ultimately, with the help of theoretical frameworks and empirical data, the goal 
of future development of photomechanical systems needs to be directed toward robust and 
fatigue-resistant designs capable for even faster and reliable actuation over thousands of 
cycles. 
 
A.D. Conclusions and Outlook 
In the quest to synthesize and to assemble genuine molecular machines, the efforts of the 
scientific community have evolved from mere observation and design of dynamic molecular 
building blocks to understanding the mechanisms of their function. A necessary advance is 
the intelligent combination of the available building blocks to prepare useful and functional 
molecular-driven machines. Thus far, a wide variety of systems have been proposed that 
perform some kind of action on their environment, and the initial demonstrations of the 
application are promising. While their size and scope are dramatically different, the 
underlying mechanisms of action are remarkably similar. Whether linear motion, rotation, 
bending, or twisting is involved, they are all powered by stimulus-driven reversible chemical 
reactions. In some cases, like photoactive catalysis, the work is performed at the single-
molecule level. However, controllable and measurable macroscopic effects such as changes 
in surface energy or the bending of crystalline films can be achieved through the collective, 
amplified motion of many molecules. It should be kept in mind that it is not a simple act of 
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preparing a binary switch or a bending, expanding, or contracting material that constitutes 
a machine; the efforts should rather be directed toward the reversible execution of a 
deliberate function. 
In combination with the continued efforts in the design, synthesis, and assembly of 
novel molecular architectures, the characterization and analysis of stimulus-driven motion 
by new systems should include an assessment of the efficiency and reproducibility, and thus 
the viability, of a molecular machine as an invention.234,235 Molecular machine designs must 
be highly resistant to degradation over long periods of time and/or numerous actuation 
cycles, and objectively addressing these requirements is critical for analyzing performance. 
This robustness is important, for example, for in vivo application of DNA-based assemblies 
that are susceptible to biodegradation by nucleases or repetitive UV irradiation cycles of 
crystal actuators. Measuring the efficiency at each step of energy transformation, from that 
of elementary switches and rotors to the entire assemblies, would also be highly beneficial, 
and results should be disseminated as a normal part of reported research findings. In 
photoinduced processes, this can be easily determined by calculating quantum yield or 
photoisomerization cross sections. Quantitative assessment of the forces generated by 
stimulus-induced motion by individual molecules or hierarchically more complex 
assemblies is also desirable where applicable. 
The most glaring question that remains in the field is in what environments, or at 
what length scales, molecular machines will find truly impactful applications. While the 
hierarchical assembly of small switch and rotor components may provide more 
opportunities for externally controlled motion at greater length scales, will they be able to 
compete with other materials? For example, the impressive performance of 
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electrochemically or thermally driven shape-memory polymer fibers and hybrid carbon 
nanotube bundles may make those materials more viable alternatives for commercial 
artificial muscles than linear chains of molecular switches.236,237 Likewise, the combination 
of mechanical actuators or sensors with integrated circuits based on 
microelectromechanical systems (MEMS) offers advantages over crystalline molecular 
machines due to the compatibility of microfabrication processes with complementary 
metal–oxide semiconductor (CMOS) technology on the scale of 1 μm to millimeters. To find 
their niche in similar applications, molecular machine designs must take advantage of 
alternative actuation mechanisms and offer more efficient energy transduction. Ultimately, 
the candid assessment of the potential applicability for leveraging the stimulated motions of 
molecules is more important than ascribing the label of a “machine”. With this admission in 
mind, the necessity to demonstrate applications that harness the power of molecular 
machines to perform work on their environment presents an exciting and unique 
opportunity for researchers. Understanding the chemistry and physics that govern this 
motion will be a continuous challenge as designs become increasingly complex. 
Nevertheless, the future of this field will benefit from the impressive diversity and creativity 
of individual molecular and assembly motifs that may be used to direct motion from the 
nano- to the macroscale. 
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